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Detailed measurements of the unsteady velocity field within the 
stator row of a transonic axial-flow fan were acquired using a laser 
anemometer. Measurements were obtained on axlsymmetrlc surfaces located 
at 10 and 50 percent span from the shroud, with the fan operating at 
maximum efficiency at design speed. The ensemble-average and variance of 
the measured velocities are used to Identify rotor-wake-generated 
(deterministic) unsteadiness and "turbulence," respectively. Correlations 
of both deterministic and turbulent velocity fluctuations provide 
Information on the characteristics of unsteady Interactions within the 
stator row. These correlations are derived from the Navler-Stokes 
equation In a manner similar to deriving the Reynolds stress terms, 
whereby various averaging operators are used to average the aperiodic, 
deterministic, and turbulent velocity fluctuations which are known to be 
present In multistage turbomachines. The correlations of deterministic 
and turbulent velocity fluctuations throughout the axial fan stator row 
are presented. In particular, amplification and attenuation of both types 
of unsteadiness are shown to occur within the stator blade passage. 
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SYMBOLS AND NOTATION 

6 Generalized velocity parameter 

n Number of measurements or rotor shaft position 

Nrp Number of surveyed rotor passages 

Nr Number of rotor blades 

Ns Number of stator blades 

Nsp Number of rotor shaft positions per rotor blade passage 
N e Number of circumferential measurement points 

PS Pressure surface 

R Radial coordinate axis or radial distance (Fig. 4.5), cm 

R' Axis of laser beam bisector (Fig. 4.5) 

@ Apparent stress tensor (Eq. (4.10)), kg/(ms^) 

s Distance measured along streamline, cm 

J Estimate of the standard deviation of velocity (from Eq. (4.3)), 

m/s 

SS Suction surface 

t Time measured as a function of rotor shaft position, s 

Tp Plenum temperature 

T$ * Standard-day temperature, 518.7 °R 
V Velocity magnitude,^ m/s 

V/\ Average of stator Inlet and exit velocities, m/s 

Vq Standard-day corrected velocity, m/s 

Vps Freestream velocity, m/s 

Velocity vector (Eq. (4.9)), m/s 
Z Axial coordinate axis, or axial distance (Fig. 4. 5),. cm 


Laser beam orientation angle measured from Z axis (Fig. 4.5), deg 

Laser beam orientation angle measured from e axis (Fig. 4.5), 
deg 

Absolute flow angle, deg 

Laser beam orientation angle measured from R axis (Fig. 4.5), deg 
Stator blade circulation, m^/s 

Circumferential coordinate axis, or circumferential distance 
(Fig. 4.5), deg 

Circumferential coordinate axis perpendicular to beam bisector 
(Fig. 4.5), deg 

True ensemble-average velocity (Eq. (4.2)), m/s 
Density 

True standard deviation of velocity, m/s 

Angle between the beam bisector and the radial direction 
(Fig. 4.5), deg 

Angle between the fringe normals and the axial direction 
(Fig. 4.5), deg 

Rotor angular frequency, s' 1 

Rotor angular position (Fig. 11.1), deg 

Subscripts 

Stator row Inlet condition 
Inner bound 

Stator row exit condition 
Measured component 
Outer bound 


Radial component 


V 1 1 


T Total of axial and tangential components 

z Axial component 

e Tangential component 

1 Measured component In direction of first beam orientation angle 

2 Measured component In direction of second beam orientation angle 

Superscripts 

1 Fluctuating component 

~~ Ensemble average 

Temporal phase-lock average 
Spatial phase-lock average 
— Time average 

A Aperiodic component 

AX Axlsymmetrlc component 

I Component due to Incident field 

R Rotor-relative parameter 

U Component due to scattered field 

S Stator-relative parameter 
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I. INTRODUCTION 

Unsteady Interactions are known to affect various aspects of 
turbomachine performance. Including blade loading [1], stage efficiency 
[2], heat transfer [3], noise generation [4], and energy transfer [5]. In 
fact, the fundamental mechanism for energy transfer In turbomachines Is 
the unsteady throughflow [6]. However, virtually all existing turbomachine 
design systems are based on the assumption that the flow Is steady In 
time. Consequently, extensive empirical correlations are usually relied 
upon to compensate for an Inadequate understanding of the unsteady flow 
effects. Unfortunately, empirical correlations tend to be specific to a 
narrow class of turbomachines, and are usually only applicable for design 
point predictions. Furthermore, empirical correlations frequently Include 
effects due to other flow phenomena. In addition to the flow phenomena the 
correlations were developed for. Nevertheless, It Is obvious that some 
designers of turbomachines have an excellent Intuitive feeling for the 
effects of many of the flow phenomena Inherent In turbomachinery, as Is 
evidenced by the high efficiencies obtained In modern turbomachines. 

Because of the limitations of the empirical correlations used In the 
design process these high efficiencies are generally limited to design 
point conditions and for turbomachines which are similar to previously 
designed turbomachines. Perhaps the key to Improving our ability to 
predict the off-design performance of turbomachines, and to design 
turbomachines which are considerably different from our design based 
experience may be found through a better understanding of unsteady-flow 
Interactions. Unfortunately, since current turbomachine design systems 
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assume that the flow Is steady, there Is no provision for Incorporating 
the effects of unsteady flows Into these systems, except through the use 
of empirical correlations. 

A recent publication by Adamczyk [7] described the development of a 
system of equations for simulating the flows In multistage turbomachinery, 
which he called the "average passage" form of the Navler-Stokes 
equations. This average passage system of equations provides a steady 
state description of the flow field In an "average passage" of any 
specific blade row. In a multistage turbomachine, the number of stator 
blades In successive stages usually differs. Rotor blade numbers also 
differ In different stages. Since stator (rotor) blade wake effects are 
Influential In downstream stator (rotor) rows, different stator (rotor) 
blade numbers result In aperiodic flows In downstream stator (rotor) blade 
passages. An "average" of the flows In the different passages of a 
specific blade row Is the "average passage" flow. The average passage 
system of equations Is Ideally suited for use In a turbomachine design 
system. Unlike current turbomachine design systems, however, the average 
passage system of equations Includes terms which can account for the 
effects of the unsteady flows. These terms look. In form, much like 
Reynolds stress terms and Include major contributors to the generation of 
nonaxlsymmetrlc flows In multistage turbomachines. With respect to a 
given blade row, the terms Identified through Adamczyk's derivation of the 
average passage system of equations account for the following 
nonaxlsymmetrlc flows: 

1. Spatial nonperiodicity of the flow In different blade passages of 
a specific blade row due to differing rotor or stator blade 
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counts In successive stages (e.g., bladed stator row 
followed by an + 1 bladed stator row of a succeeding stage). 

2. "Deterministic" unsteadiness, due to the relative motion between 
stator and rotor blade rows. 

3. "Random" unsteadiness, due to any unsteadiness not correlated 
with the fundamental blade passing frequency, for example vortex 
shedding, global flow-field variations, and particle mixing. 

It Is Important to note that these terms, as a whole, are what the 
empirical correlations used by current design systems have attempted to 
approximate. Therefore, even If the average passage system of equations 
are never Incorporated Into a design system, they provide a useful format 
for understanding the role of unsteady flows In generating nonaxl symmetric 
flows In multistage turbomachines. 

The magnitudes and distributions of some of these terms have been 
determined from detailed laser anemometer measurements of the rotor-wake- 
generated unsteady absolute velocity field throughout a single-stage 
transonic axial-flow fan. Since the data were acquired from an Isolated 
stage the terms due to spatial nonperiodicity between blade passages are 
not present, as they would be In a typical multistage environment. 
Therefore, only the terms due to the deterministic and random unsteadiness 
will be presented herein. The relative Importance of these terms Is 
discussed, and some general suggestions for possible approaches to 
modeling these terms are provided. These data are for a loosely coupled 
fan ( 1 . e . , rotor/stator spacing Is 85 percent of rotor chord), and 
therefore the strength of the rotor wakes are significantly diminished 
from what the stator would see In a more realistically coupled stage. The 
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advantage of the wide spacing between blade rows Is that It uncouples the 
potential flow-field effects from the rotor wake effects. Also presented 
are details of the kinematics of the passage of rotor wakes through the 
downstream stator row, as well as other relevant features of the stator 
flow field. 
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II. RELATED RESEARCH 

The number of research papers published during the last 30 years which 
deal with the effects of the unsteady flows generated as a result of the 
Interaction between rotating and stationary blade rows Is quite large. It 
Is not unusual for these papers to be both experimental and theoretical or 
numerical In nature, and often the effects of both the deterministic and 
random (turbulent) unsteadiness are considered. As a result, the task of 
organizing these papers Into specific categories Is difficult. 

Nevertheless, an attempt Is made to organize the research papers dealing 
with unsteady blade row Interactions Into two categories: those papers 
which are primarily experimental In nature, or make their greatest 
contribution from measurements and those papers which are primarily either 
theoretical or numerical In nature (l.e., deal with modeling of the 
unsteady flows). This section Is not Intended to provide a complete 
compilation of all the unsteady flow research In turbomachinery over the 
last 30 years. It Is designed to provide the reader with a representative 
sampling of past research related to the present research program. 

A. Experimental Research 

One of the earliest experimental research papers dealing with 
unsteady blade-row Interactions was published In 1954 by Kofskey and Allen 

[8] who observed, through smoke visualization of the flow In a low-speed 
turbine, that thickening of the upstream stator suction surface boundary 
layer occurred at certain positions of the rotor blading. In 1966, Smith 

[9] described the process of wake chopping and attenuation, which 
Indicated that a wake segment Is modified by the chopping process, which 
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disperses It, and by uneven energy distribution. In 1970, Kerrebrock and 
Mlkolajczak [10] demonstrated that wake generated unsteadiness caused by 
Intra-stator transport of rotor wakes would have a significant effect on 
the blade-to-blade stator exit temperature profile. Since the work of 
Kerrebrock and Mlkolajczak, there has been an Increasing number of papers 
published In the open literature which deal with blade row Interaction 
effects . 

The effect of blade row Interactions on stage efficiency was 
demonstrated In 1974 by Yurlnskly and Shestachenko [2] who, using a 
rotating bar wake generator ahead of a turbine cascade, found Increased 
(larger than steady flow values) total-pressure losses occurred for 
unsteady flow than when testing In steady flow. Hodson [11,12] measured a 
50 percent higher profile loss for a blade section In a turbine rotor than 
for that same section tested In a steady-state cascade. He proposed that 
the larger loss was due to a higher growth rate of the rotor suction 
surface boundary layer as a result of the Interactions of the wakes of the 
upstream nozzle row. Similar results were found by Tanaka [13]; he 
measured a 1.1 to 1.25 times Increase In the total-pressure loss 
coefficient of a lightly loaded cascade In a fluctuating flow over that In 
a steady flow. Tanaka also observed that the periodic fluctuations tended 
to suppress the growth of turbulence within the boundary layers, but that 
this effect reached saturation above 8 to 10 percent turbulence Intensity. 
Okllshl et al. [14] proposed that, due to blade-row Interaction effects, 
an appreciable portion of stator row loss can occur In the blade-to-blade 
free-stream region between the edges of the blade surface boundary 
layers. Dong et al. [15] measured a 15 percent loss In the free-stream 
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total pressure through a stator row. Hansen and Okllshl [16] Indicate 
that the axial locations of the measurement stations used to assess rotor 
row and stator row loss values are Important If a portion of the rotor 
wake mixing-out loss occurs within the stator "row," as defined by stator 
upstream and downstream measurement stations. 

The effects of blade row Interactions on blade surface boundary 
layers were studied by Walker [17]. He observed that the stator suction 
surface boundary layer of a low-speed single-stage axial-flow compressor 
underwent periodically unsteady transition under the Influence of the 
upstream rotor wakes. Evans [18] confirmed the observations of Walker, 
and In addition found a much larger rate of boundary-layer growth on a 
stator blade disturbed by rotor wakes compared to a cascade blade In 
steady flow. Pf lei and Herbst [19]; Pf lei et al. [20] used a rotating bar 
wake generator to observe the effects of wakes on the boundary layer of a 
flat plate. They found that the wakes Impinging on a flat plate forced 
the onset of transition to occur at shorter distances than for the 
undisturbed plate, and that the wakes also affected the location of the 
end of transition. Hansen and Okllshl [16] observed from surface hot-film 
measurements of the stator blade boundary layer of a low-speed axial-flow 
compressor that the rotor wake segments became wider, much as turbulent 
spots do, as they traveled downstream. 

The effects of blade-row Interactions on blade loading have been 
studied by Fleeter et al. [21] In a large-scale low-speed single-stage 
axial-flow research compressor. Their data correlated quite well with an 
aerodynamic cascade traverse-gust analysis. They found that the unsteady 
pressure differential magnitude decreases In the chordwlse direction, and 
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attains a value very near zero at the blade trailing edge. Their 
observation Is significant In that It reflects the validity of the Kutta 
condition for unsteady flows. Gallus et al. [1] measured the fluctuating 
pressures on the midspan profile surfaces of both rotor and stator blades 
for several points of operation. They found that the downstream cascade 
Induces stronger potential flow Interactions In the upstream cascade, and 
that stronger throttling leads to Increased wake sizes and consequently 
stronger fluctuation forces. The wake Interactions were observed to be 
the main source of fluctuating forces. Franke and Henderson [22] 
Investigated the Influence of solidity. Incidence flow angle, and 
rotor-stator spacing on blade row Interactions. They found a major 
Influence of solidity at large values of Incidence, where It Is suspected 
that stall occurs. Some other Investigation of the effects of blade row 
Interactions on blade loading are listed In References 23 to 26. 

Blade row Interactions have also been demonstrated to be a source of 
acoustic excitation In turbomachines. In 1977, Schmidt and Okllshl [27] 
found that the level of discrete frequency noise at the Inlet of a 
multistage compressor could be varied appreciably by relative positioning 
of the stationary blade rows. Gallus et al. [4] found that the level of 
discrete frequency noise could be reduced considerably by only slight 
Increases In the axial gap, within the range of small axial distances 
between blade rows. They also found that the wake shape Influences the 
Intensity of the various harmonics. 

The effects of blade-row Interactions on energy transfer has been 
Investigated by Zlerke and Okllshl [5] In a low-speed axial-flow research 
compressor. They found that rotor wakes which have Interacted with stator 
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or Inlet guide vane wakes have lower total pressures than rotor wakes 
which have not Interacted with stator or Inlet guide vane wakes. They 
also found that periodic unsteadiness of total pressure Is considerable 
downstream of a blade row that Involves energy addition and loss, and Is 
minimal downstream of a blade row that Involves loss only. In 1985, Ng 
and Epstein [28] confirmed. In a high-speed fan stage, the previous 
findings of Kerrebrock and Mlkolajczak [10], by showing that the transport 
of rotor wakes through a downstream stator row resulted In a gapwlse 
temperature nonuniformity at the stator exit of as much as 15 to 20 °C. 

The effects of blade-row Interactions on heat transfer have been 
Investigated by Drlng et al. [29] In a large-scale low-speed axial-flow 
turbine. They found that the unsteady wake passing affected the surface 
Stanton number. Doorly and Oldfield [3] used a rotating bar wake 
generator to investigate the effects of wake passing on a downstream rotor 
cascade. They observed that each wake produced a turbulent boundary-layer 
patch In the blade suction surface boundary layer, which Is swept along 
the blade surface and Is responsible for dramatic transient Increases In 
heat transfer. 

The general characteristics of wake-generated unsteadiness have been 
reported by many Investigators. Joslyn et al. [30] measured the 
unsteadiness and three-dimensionality of the flow In a large-scale 
axial-flow turbine. They measured large Increases In the pitch angle near 
the suction side of the rotor wake as the vane wakes periodically Impacted 
on the rotor suction surface. Matsuuchl and Adachl [31] measured the 
three-dimensional unsteady flow Inside a rotor blade passage of an 
axial-flow fan. They observed that the upstream stator wakes became 
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deeper (and sometimes thicker) as they moved closer to the rotor blade 
pressure surface, that the stator wake decay characteristics within the 
rotor passage are very complex, and that the wake does not necessarily 
decay monotonlcal ly . The character of the blade wakes which are the 
primary source of blade-row Interactions have been reported by many 
Investigators [32-41]. 

Wake transport characteristics have also been studied by Dunker [42] 
who used a laser transit anemometer to map the unsteady flow field through 
a high-speed single-stage axial-flow compressor stator row. Dunker used 
contour maps of the turbulent kinetic energy to show the transport of 
rotor wakes through the stator row. Binder et al. [43] performed a 
similar experiment In a high-speed axial-flow turbine stage In which they 
observed an Increase In the turbulence In the stator wake as a result of 
Its being chopped by the rotor blades. Subsequently, Binder [44]; Binder 
et al. [45] suggested that this Increased turbulence In the chopped stator 
wake was a result of stator secondary vortex cutting by the downstream 
rotor blades, which caused a breakdown In the secondary vortex and a 
subsequent Increase In turbulence. Hodson [46] measured the wake 
generated unsteadiness In the rotor passages of an axial-flow turbine. He 
showed that the level of periodic unsteadiness on the suction surface was 
2.5 times that on the pressure surface, whereas the mean level of 
free-stream turbulence was only slightly higher. Hodson also observed 
that the energy of the turbulent fluctuations was greater than the energy 
of the periodic fluctuations on the pressure surface, and opposite on the 


suction surface. Hodson concluded that this was because the wakes behaved 
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as negative jets, with high loss fluid being convected towards the suction 
surface. 

In a multistage environment, the blade-row Interactions are even more 
complex, and can result In unusual effects not observed In the single-stage 
environment. Wagner et al. [47] found that the periodic unsteadiness In 
an Imbedded rotor or stator row was appreciable, depending on the extent 
of the wake Interactions Involved at the particular location considered. 
They were able to construct, from hot-wire data, sequential wake transport 
Interaction plots throughout the compressor at various rotor/stator 
relative positions, which Illustrated some of the possible wake 
Interactions that can exist In multistage turbomachinery. In 1985, Iweedt 
et al. [48] demonstrated that complex Interactions within multistage 
turbomachinery can result In unusual total-pressure distribution patterns 
depending on flow rates. The unusual total-pressure distributions 
resulted In a higher frequency Interaction In the downstream blade row 
than would be expected from the number of blades present. Williams [49] 
observed that the turbulence Introduced by rotor wakes persists In terms 
of Identifiable velocity fluctuations for several stages before the rotor 
contributions are mixed out Into unidentifiable random fluctuations. From 
a Fourier analysis of his results, Williams Identified discrete frequency 
levels generated from upstream blade rows as much as four stages 
downstream. He also observed that the strength of the periodic wave forms 
was a strong function of location within the passage, with the periodic 
high frequency wave forms being strongest in the stator wakes. 
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B. Modeling Efforts 

One of the earliest papers dealing with the modeling of blade-row 
Interactions was published In 1953 by Kemp and Sears [50,51] who studied 
the aerodynamic Interference between rotor and stator blade rows for 
Incompressible Invlscld flows by regarding each blade row as an Infinite 
two-dimensional cascade. They obtained expressions for the unsteady 
components of lift and moment of the blades of each row, and they also 
calculated the effects of the stator wakes on the unsteady lift of rotor 
blades. They found lift fluctuation amplitudes of about 18 percent of the 
steady lift. The process of wake chopping by a thin airfoil was 
theoretically examined In 1958 by Meyer [52] who considered the wake as a 
negative jet carried with the free-stream. In 1965, Lefcort [53] extended 
the analysis of Meyer to Include the case of a blade of finite thickness. 
Lefcort considered that the unsteady forces In turbomachines were due to 
four main effects: a circulation effect, a blade thickness effect, a wake 
effect, and a wake distortion effect. The above mentioned blade-row 
Interaction models were all developed using the concepts of circulation 
theory presented by von Karman and Sears [54]. 

After these early developments, the focus of Interest In unsteady 
airfoil theory became compressibility effects, and, later, cascade 
effects. The problem of a lifting airfoil passing through a gust pattern 
was examined by Horlock [55]. Using a heuristic approach, Horlock 
partially accounted for the second-order effects of small mean-flow 
Incidence on the fluctuating lift. A similar approach was used by Naumann 
and Yeh [56] to account for small airfoil camber. These treatments. 
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however, were Incomplete In that they only accounted for the modified 
boundary condition at the airfoil surface while neglecting the coupling 
between the unsteady flow and the potential flow around the airfoil. 

A complete theory that accounts for the dependence of the unsteady 

I 

flow on the mean potential flow of the airfoil was developed by Goldstein 
and Atassl [57]. They used their theory to analyze the Interaction 
between a periodic two-dimensional gust with an airfoil In uniform flow 
which showed that the unsteady velocity field associated with the oncoming 
gust was significantly distorted In both amplitude and phase by the steady 
potential field about the airfoil. Adamczyk [58] considered the effects 
of finite blade thickness, camber, and Incidence, and used his theory to 
analyze the Interaction between a one-dimensional gust and a cascade of 
compressor blades. A combined analytical and numerical approach was used 
to solve the field equations which govern the rotational and Irrotatlonal 
velocity fields. The results of Adamczyk's analysis showed a strong 
Influence of mean loading on the unsteady force generated by the passage 
of the one-dimensional gust through the cascade of compressor blades. 

One of the earliest attempts to develop a numerical method for 
solving the Invlscld, compressible, two-dimensional, unsteady flow on a 
blade-to-blade stream surface through an axial compressor stage was In 
1977 by Erdos and Alzner [59]. A comparison of their numerical results 
with experiment Indicated that there was still much to be learned about 
the nature of blade-row Interactions before a numerical solution scheme 
for a complete stage would be capable of predicting the actual flows. In 
1982, Krammer [60] developed a time marching scheme for computing the 
unsteady blade forces In turbomachines, which he based on potential flow 
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theory and simulated viscous wakes. Blade surfaces were modeled by vortex 
distributions and viscous wakes were simulated by contra-rotating vortex 
rows. Krammer was able to generate sequential pictures of the wake 
chopping and transport through the downstream blade row. However, his 
analysis only considered the case of an equal number of stator and rotor 
blades, and quantitative agreement with measurements was only fair. 

Hodson [61] solved the two-dimensional Invlscld equations of motion using 
a finite volume scheme based upon the work of Denton [62] In order to 
calculate the unsteady flow generated by the Interaction of upstream wakes 
with a moving blade row. The wakes were simulated by a velocity deficit 
which was periodically moved across the Inlet boundary of the computational 
domain at the relative speed of the wake generating blade row. Wake 
dissipation was modeled by an artificial viscosity, and contour plots of 
the calculated entropy levels were used to Identify the wake regions. 
Hodson' s analysis confirmed the existence of such phenomena as wake 
chopping, migration, and shearing. He concluded that many of the phenomena 
associated with rotor-stator wake Interactions are dominated by Invlscld 
rather than viscous effects. 

In 1985, another attempt to numerically simulate the Interactions 

* 

between rotor and stator rows In a single stage turbomachine with equal 
numbers of rotor and stator blades was performed by Ral [63]. He compared 
numerical results with experimental data and concluded that, In the case 
of the time-averaged surface pressure distributions, there was good 
agreement. The comparisons between pressure amplitudes and phase 
relationships, however, were not very favorable. Joslyn et al. [64] 
described an Invlscld method for modeling turbomachinery wake transport, 
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which was based In part on the linear small-disturbance theory of Smith 
[65]. Their calculations compared favorably with smoke visualization 
experiments which showed the transport of chopped smoke-trace segments 
through a downstream rotor row. Unfortunately, they were unable to 
measure the actual wake fluid and Instead attempted to simulate a wake 
using a smoke trace. Their experimental results must, therefore, be 
questioned as to their validity In modeling real wake transport phenomena, 
such as wake centrifugation. 

Although most of the above mentioned analyses provide a great deal of 
Insight Into the characteristics of blade-row Interactions, they are 
generally Impractical for use In a turbomachinery design system. Usually 
the analyses are restricted to a single stage turbomachine with equal 
numbers of rotor and stator blades, and even then they require significant 
computer resources to solve the complete time-dependent flow field. For a 
turbomachine design engineer to use these models to predict the effects of 
unsteady flows throughout a typical multistage turbomachine would be a 
formidable task. 

Perhaps the earliest effort to Include the effects of blade-row 
Interactions In a turbomachinery design system was attempted In 1954 by 
Smith [65] who considered the effects of secondary flows produced by 
upstream blade rows. In 1981 Adkins and Smith [66] Included the effects 
of spanwlse mixing. Including wake centrifugation, which might also be 
considered an attempt at Including blade row Interactions. A more 
fundamental approach to modeling blade row Interactions was presented by 
Mitchell [67]. Mitchell developed a three-dimensional nonaxlsymmetrlc 
theory to analyze the Interaction effects due to wakes between two blade 
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rows In an axial-flow turbomachine. Mitchell's theory was based on 
lifting-line and nonaxl symmetric actuator disk principles, and assumed 
that the wake was a small three-dimensional perturbation from the free 
vortex condition. In 1979, Sehra [68] described a correlation method for 
Introducing nonaxl symmetric blade row effects. Including deterministic and 
turbulent unsteadiness, Into the axlsymmetrlc flow field computation for a 
highly loaded Isolated blade row. Sehra's approach centered about the 
modeling of three Important nonaxlsymmetrlc phenomena (apparent stress, 
apparent entropy, and mean rothalpy) which control the time-mean momentum 
and energy transfer. Adamczyk [7] took a more rigorous mathematical 
approach to Including the effects of nonaxlsymmetrlc flows than had been 
previously attempted. Starting with the Navler-Stokes equation, Adamczyk 
considered a decomposition of the flow field Into a steady-state blade- to- 
blade periodic component, a blade-to-blade aperiodic component, a periodic 
unsteady component, and a random unsteady component. Then, In a manner 
similar to developing the Reynolds averaged Navler-Stokes equation, 
Adamczyk performed a series of averages on the Navler-Stokes equations to 
resolve, what he called, the average passage equation system. Adamczyk's 
average passage equation system was developed to simulate the flows In 
multistage turbomachinery. His average passage equation system reduces to 
the equation system developed by Sehra [68], and to the axlsymmetrlc 
equations of motion, given the proper assumptions used to develop each. A 
model for closing the Invlscld form of Adamczyk's averaged passage 
equation system was published by Adamczyk et al. [69], and the average 
passage equation system has been used to solve the Invlscld flow through a 
counter-rotating propeller, see Celestlna et al. [70]. 
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III. RESEARCH FACILITY 

The single-stage axial-flow compressor test facility of the National 
Aeronautics and Space Administration (NASA) Lewis Research Center was used 
to accomplish the research described In this dissertation. The test 
facility, research compressor, and laser anemometer system are described 
In this section. 

A. Compressor Test Facility 

A schematic diagram of the single-stage axial-flow compressor test 
facility at NASA Lewis Is shown In Figure 3.1. The drive system for the 
compressor consists of a 3000 hp electric motor with a variable-frequency 
power supply. Motor speed Is controllable from 400 to 3600 rpm. The 
motor Is coupled to a 5.52 gear ratio speed Increaser gear box that In 
turn drives the rotor. The facility was sized for a maximum flow rate of 
100 lb/sec with atmospheric air as the working fluid. Air Is drawn Into 
the facility from an Inlet located on the roof of the building. The air 
next passes through a flow measuring station consisting of a thln-plate 
orifice, through Inlet butterfly valves, and Into a plenum chamber. The 
air Is Is then accelerated J:o the compressor test section via a nozzle, 
through the test compressor, and Into a collector through a sleeve throttle 
valve. The air subsequently passes through a spray water cooler and Is 
exhausted back Into the atmosphere or through an altitude exhaust system. 
The airflow may be controlled through either the upstream butterfly valves 
or the downstream collector valve. For the present Investigation the air 
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Schematic diagram of NASA Lewis single-stage 
compressor test facility 
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was exhausted back Into the atmosphere and the collector valve was used to 
control the airflow. 

B. Research Compressor 

The first stage of a NASA Lewis designed two-stage axial-flow fan was 
used as the research compressor to accomplish the research described In 
this dissertation. A complete description of the aerodynamic design of the 
full two-stage fan Is provided In References 71 and 72. Therefore, only a 
brief description of the relevant design parameters of the first stage 
geometry, used as the research compressor In the present Investigation, 
will be provided herein. A sketch of the flow path of the research 
compressor Is presented In Figure 3.2, and the coordinates of the flow path 
are provided In Appendix A. 

The research compressor was designed with wide axial spacing between 
blade rows (85 percent rotor axial chord at midspan) In order to reduce 
blade-row-lnteractlon noise. The first-stage rotor was designed as a low- 
aspect-ratio (1.56) damperless fan with a design pressure ratio of 1.63 at 
a mass flow of 33.25 kg/sec. The design rotational speed Is 16 043 rpm, 
which yields a design tip speed of 429 m/sec. The Inlet relative Mach 
number at the rotor tip Is 1.38. The first-stage rotor has 22 blades of 
multiple-circular-arc design. The rotor solidity varies from 3.114 at the 
hub to 1.290 at the tip. The rotor Inlet and exit tip diameters are 51.1 
and 49.5 cm respectively, and the rotor Inlet and exit hub/tip radius 
ratios are 0.375 and 0.478 respectively. The running rotor tip clearance 
Is 0.5 mm. An example of the first-stage rotor blade sections at three 
spanwlse locations Is shown In Figure 3.3. 
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Figure 3.2 Meridional-plane view of research compressor flow 
path 
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Figure 3.3 Representative rotor blade sections at three 
spanwlse locations 
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The first-stage stator was designed to discharge fluid axially. The 
stator consists of 34 double-circular-arc designed blades which vary In 
solidity from 2.485 at the hub to 1.271 at the tip. The stator tip 
diameter Is constant at 48.7 cm and the Inlet and exit hub/tip radius 
ratios are 0.500 and 0.530 respectively. An example of the stator blade 
sections at three spanwlse locations Is shown In Figure 3.4. 

A summary of the relevant design parameters of the single-stage 
research compressor Is provided In Table 3.1, and a complete listing of 
the Input parameters to the aerodynamic design code [73] which was used to 
design the first-stage geometry Is provided In Appendix A. Also Included 
In Appendix A are the output tables from the design code which Include 
velocity diagram Information on the axlsymmetrlc design streamlines at 
each axial computational station and complete blade manufacturing 
coordinates at each of the design blade section radii for both the 
first-stage rotor and stator. 

C. Laser Anemometer System 

A laser fringe-type anemometer (LFA) system developed at NASA Lewis 
for use In high-speed turbomachinery was used as the principal measuring 
Instrument to accomplish the research described In this dissertation. A 
detailed description of the basic anemometer system, as originally 
designed. Is reported In References 74 and 75. Because of minor changes 
In some of the optical components and system layout which have occurred 
since the system was originally designed, a brief description of the 
current laser anemometer system Is provided herein. A block diagram of 
the major components of the LFA system Is provided In Figure 3.5. 
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Table 3.1. Summary of single-stage research compressor design 
parameters 


Rotor speed 

Corrected mass flow rate 

Stage pressure ratio 

Inlet pressure and 
temperature 

Number of blades 

Rotor 

Stator 

Blade section profile 
Rotor 
Stator 

Blade stacking axis 
location 


16042.8 rpm 
33.25 kg/s 
1.59 

standard day conditions 
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34 


multiple circular arc 
double circular arc 

radial line through center of gravity of 
blade sections 


Rotor Stator 



hub 

tip 

hub 

tip 

Blade aerodynamic chord 

9.264 cm 

9.522 cm 

5.728 cm 

5.768 cm 

Blade element solidity 

3.144 

1.290 

2.485 

1 .271 

Maximum thickness to 
aerodynamic chord ratio 

0.085 

0.029 

0.080 

0.060 

Leading and tral ling 
edge radius to aero- 
dynamic chord ratio 

0.005 

0.002 

0.005 

0.013 


Inlet 

exit 

Inlet 

exit 

Hub radius 

Hub/tip radius ratio 

9.583 cm 
0.375 

11.829 cm 
0.478 

12.189 cm 
0.500 

12.931 cm 
0.530 
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1* Optical configuration 

The basic optical components of the laser anemometer system are shown 
in Figure 3.6. It is a single-channel, dual-beam, fringe type anemometer 
with on-axis backscatter collection optics. The 514.5 nm (green) line of 
an argon-ion laser operating at a power level of 1.5 W Is used to generate 
the laser beam for the LFA system. After the beam leaves the laser a 
series of mirrors turns the laser beam through 180° for compactness. The 
beam then passes through a collimator which Is used to position the beam 
waist at the probe volume, and to adjust the diameter of the beam waist to 
the proper diameter. Because the LFA processing electronics requires at 
least 10 fringes, and the fringe spacing was 10.4 pm, a waist diameter of 
125 pm was selected. The beam then passes through a beam splitter which 
splits the beam Into two parallel beams of equal Intensity. Two more 
mirrors then direct the beam through a 200-mm-focal-length focusing lens 
(50 mm diameter) which causes the beams to converge and ultimately cross 
at the lens focal point. At the Intersection where the two beams cross 
(called the probe volume) a pattern of bright and dark fringes are formed 
due to the constructive and destructive Interference of the wave fronts of 
the two beams. The fringe pattern Is perpendicular to the path of the 
bisector of the two beams which Is perpendicular to the research 
compressor centerline. The probe volume length In the direction of the 
bisector of the two beams Is 2 mm. 

Part of the light which Is scattered from seed particles which cross 
the bright fringes of the probe volume Is then collected through the 
200-mm-focal-length focusing lens and directed to a 1 00-pm-dlameter 
pinhole In front of the photomultiplier tube (PMT). The focusing lens In 
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Figure 3.6 Layout of laser anemometer system optical 
components 
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front of the photomultiplier tube Is 50 mm In diameter, with a focal 
length of 160 mm. The function of the orange-pass filter In front of the 
1 60-mm-focal-length focusing lens Is explained In the next section. 

The final optical element In the laser beam paths prior to entering 
the research compressor flow path, not shown In Figure 3.6, Is a 
3.2-mm-thlck glass window In the compressor shroud. Two different laser 
windows were used; a “rotor window,' 1 see Figure 3.7, which extended from 
about 1.5 rotor chords upstream of the rotor leading edge to just past the 
stator leading edge, and a "stator window," see Figure 3.8, which extended 
from just past the rotor trailing edge to about one-half stator chord 
downstream of the stator trailing edge. The rotor window covered a 
constant circumferential width of 20°. The stator window was cut to follow 
the stator blade suction and pressure surface contours so that an entire 
stator passage could be viewed. Both windows were contoured to follow the 
shroud Inner flow path. The windows were made of chemically treated window 
glass and were pressure tested to 300 pslg prior to their Installation In 
the rig. 

2. Flow seeding 

The seed material used was Rhodamlne 6g In solution with ethylene 
glycol and benzyl alcohol [76]. This seed material has the characteristic 
of fluorescing orange light when Illuminated by the green light of the 
argon-ion laser. The function, therefore, of the orange-pass filter In 
front of the 1 60-mm-focal-length focusing lens Is to allow only the 
flourescent light emitted by the seed particles to reach the PMT. This 
reduces detection of unwanted scattered light and therefore allows 
measurements closer to solid surfaces. 
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Rotor Stator 



Figure 3.7 View of optical access through rotor window 
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Rotor Stator 



Figure 3.8 View of optical access through stator window 
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A commercially available atomizer was used to atomize the seed 
solution and generate liquid seed particles, nominally 1.0 to 1.4 ym In 
diameter [77], which were Introduced Into the research compressor flow 
field through a 6 mm tube located 35 cm upstream of the rotor. The seeder 
tube was mounted In a probe actuator which was mounted on top of a 
circumferential positioning pad. In this configuration It was possible to 
remotely position the seeder probe radially and circumferentially within 
the research compressor flow field to achieve optimum seeding of the 
streamtube which passed through the laser probe volume. 

3. Laser optics cart and traversing mechanl sm 

A sketch of the optics cart assembly Is shown In Figure 3.9. All of 
the optics were located on a flat rigid metal table and secured In place 
using commercially available magnetic Instrument bases. The beam splitter 
was mounted In a motorized rotator assembly which allowed the angle of 
orientation of the fringes to be rotated about the optical path of the 
Input beams, thus enabling different components of the flow velocity to be 
measured. The focusing lens and final turning mirror of the transmitting 
optics are mounted on a motorized goniometer cradle so that they move 
together as a unit. The motorized goniometer allows the direction of the 
Input beams to be directed off-radial In order to be able to access areas 
which would normally block the beam paths If they were transmitted 
radially Into the compressor flow path. 

A metal framework between the optics table and a large horizontal x-y 
traversing table formed a channel In which the laser sat. The laser was 
secured to the bottom of the channel and the entire assembly was mounted 
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on top of a wheeled metal cart. A motorized jacking mechanism at the 
front of the optics cart, In conjunction with the x-y traversing tables 
and the motorized goniometer, enabled positioning of the probe volume at a 
particular axial, radial, and circumferential position within the 
compressor flow field, to within ±0.05 mm axially, ±0.05 mm radially, and 
±0.03° circumferentially. The angular orientation of the laser beams In 
the R-6 plane could be controlled to within ±0.01° using the motorized 
goniometer, and the beam splitter enabled control of the angular 
orientation of the fringes In the Z-6 plane to within ±0.03° (refer to 
Fig. 3.6). 

The optics cart was originally designed for surveying a rotor-only 
flow field which usually does not require circumferential traversing of 
the probe volume, since the rotor sweeps by the probe volume. However, 
the research described In this dissertation required surveying a stator 
flow field making circumferential traversing of the flow field necessary. 
The jacking screw mechanism, therefore, was adopted as a temporary 
modification to the optics cart to provide the capability for 
circumferentially traversing the probe volume through the stator flow 
field. A remotely controlled high-speed stepping motor was used to drive 
the jacking screw. Positioning of the jacking screw, however, was 
controlled by the operator and typically required about 30 seconds to 
position. 

High-speed stepping motors were also used to drive the beam splitter, 
goniometer, and x-y traversing table. An optical encoder attached to each 
motor shaft provided position feedback to each motor drive controller. 
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The motor drives were of the accelerate-decelerate type (with regard to 
the output pulse train) and typically positioned the optics In about 
1 second. Each motor had a "home" position to which It could be moved for 
remote position calibration. An 8-blt-word microcomputer served as the 
Interface between the motor drives and the data acquisition control 
minicomputer. 

4. Laser anemometer signal processor 

A commercially available counter-type laser anemometer signal 
processor with a 500-MHz clock was used to process the signal bursts from 
the photomultiplier tube. The processor measures the transit time of a 
seed particle across eight fringes. To Insure measurement validity and to 
help discriminate against noise, the processor performs several tests on 
each seed particle passing through the probe volume. One test Is a 5/8 
comparison test where the transit times for crossing five and eight 
fringes Is compared. The ratio of these times must be sufficiently close 
to the value of 5/8 to be accepted. This test Is used to reject 
measurements from seed particles which are accelerating as they pass 
through the laser probe volume. Another test performed by the processor 
Is a sequence check such that during each signal burst the high-pass 
filtered signal from the photomultiplier tube must alternatively rise 
above a threshold level and fall below the zero level at each fringe In 
order to be accepted. This test Is used to reject extraneous signal noise 
and to reject signal bursts occurring from multiple particles or very 
large particles which pass through the laser probe volume. The processor 
also provides an additional test which attempts to discriminate signal 
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bursts occurring from multiple particles or very large particles within 
the probe volume by requiring that the high-pass filtered signal from the 
photomultiplier tube does not rise above an overload level. 

5. Compressor rotor shaft-angle encoder 

The LFA system Is free to acquire velocity measurements whenever a 
seed particle crosses the LFA probe volume, which results In the random 
acquisition of many velocity measurements during every rotor revolution. 
Therefore, a commercially available compressor rotor shaft-angle encoder 
was used to simplify the task of tagging each velocity measurement with 
the proper angular position of the rotor. The shaft-angle encoder 
provides a continuous measure of the rotor shaft position relative to a 
once-per-rev signal obtained from the rotor disk. When a velocity 
measurement occurs, the seed particle fringe-crossing frequency and 
corresponding rotor shaft position are simultaneously transmitted to the 
LFA system minicomputer which records them as a data pair. 

The encoded angular position of the rotor Is produced by a counter 
that Is clocked by a frequency synthesizer. The frequency Is adjusted 
near the beginning of each rotor revolution so that the number of counts 
for each revolution (selected by the operator) remains approximately 
constant. An optical sensor generates the once-per-rev pulse as a result 
of a passing target on the face of the rotor disk near the hub flow path. 
For the results cited In this dissertation the encoder counts per 
revolution (selected as 4400) was divided by four, which for the 22-bladed 
research rotor yielded 50 angular positions (shaft positions) per blade 


passage. 
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It Is Important to note that the velocity measurements do not really 
occur at a discrete rotor shaft position, but rather occur anywhere within 
an Interval between two adjacent rotor shaft positions. With 50 rotor 
shaft positions per blade passage, the Interval length between shaft 
positions varies between 0.7 mm at the hub and 1.4 mm at the tip of the 
rotor blade. Therefore, In this dissertation the term shaft position Is 
used with the understanding that measurements attributed to a rotor shaft 
position actually occur In an Interval about that position. In order to 
prevent velocity data from being assigned to the wrong rotor shaft 
position, the data acquisition program discarded data acquired during any 
rotor revolution In which the encoder count for the succeeding revolution 
varied by more than ±20 counts from the desired count of 4400. Thus, the 
actual average error In the rotor shaft position 
was less that ±0.0045 of a rotor shaft position. 

6. System computer 

A 16-bit-word minicomputer with 32 k (k = 1024) words of core memory 
and hardware floating-point multlply-dl vide capability was used to provide 
automatic control of the LFA data acquisition process. The minicomputer 
used dual removable cartridge-type magnetic disk storage, with each disk 
having a capacity of 1.25 million 16-bit words. Two cathode-ray-tube type 
display terminals were used for monitoring the LFA data acquisition 
process. The minicomputer automatically controlled positioning of the 
laser probe volume and was Interfaced to the laser anemometer signal 
processor and compressor rotor shaft angle encoder from which It acquired 
the fringe crossing frequency and rotor angular position, respectively. 
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IV. EXPERIMENTAL PROCEDURE AND DATA REDUCTION 

The objective of the experimental procedure was to obtain spatially 
and "temporally" (l.e., rotor shaft position, not real time) detailed 
measurements of the rotor-wake-generated unsteady absolute-velocity field 
at selected sites within the research compressor stator row. With the 
compressor operating at design speed and maximum efficiency, a laser 
fringe-type anemometer ( LF A ) system was used to acquire ensemble-averaged 
measurements of the absolute velocities along two design axlsymmetrlc 
stream surfaces through the stator blade row. A design axlsymmetrlc 
stream surface refers to a surface of revolution on which LFA measurements 
were acquired, and does not represent an actual stream surface along which 
fluid particles travel. For each design axlsymmetrlc stream surface, the 
absolute velocity measurements were acquired, spatially, from 
blade-to-blade across the stator pitch and from upstream through 
downstream of the stator blade row, and temporally, for a number of rotor 
shaft positions evenly distributed across several rotor pitches. 

The 100 percent speed line operating characteristic of the research 
compressor Is shown In Figure 4.1, which Identifies the maximum efficiency 
point at which LFA survey data were acquired. From observations, the 
rotor speed was maintainable to within ±0.3 percent of design speed, and 
the corrected mass flow rate was maintainable to within ±0.14 kg/sec. The 
corrected mass flow rate was calculated from a calibrated orifice plate 
located In the Inlet ducting upstream of the plenum chamber. The overall 
pressure ratio was determined from a 5-element rake downstream of the 
stator and from the upstream plenum pressure. 
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Standard day corrected mass flow, 
KG/SEC 


Figure 4.1 Research compressor stage 100 percent speed line 
operating characteristic 
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Extensive software written for the LFA-system minicomputer were used 
to support the data acquisition procedures. This software Included 
programs to generate data files describing the research compressor flow 
path and the complete three-dimensional stator and rotor blade geometry, 
programs to allow the experimenter to prescribe complete survey 
Information along selected design axlsymmetrlc stream surfaces prior to 
beginning data acquisition, programs to allow remote positioning of the 
optics by the experimenter, programs to provide complete LFA-system 
computer control of the data acquisition procedures, and many other 
programs, some of which are briefly described In the succeeding sections. 

Although extensive data reduction software was also available on the 
LFA-system minicomputer. Its processing times were quite long and Its 
memory was considerably limited as were printing and plotting 
capabilities. Therefore, the NASA Lewis central computing facilities were 
used for all reduction, tabulation, and plotting of the data presented 
herein. The data disks generated from the LFA-system minicomputer were 
copied to data tapes which could be read by the mainframe computer used to 
reduce the data. 


A. Experimental Procedure 

The experimental procedure consisted of setting up a survey file to 
prescribe the coordinates of points to be surveyed, following extensive 
setup procedures to Insure accurate positioning of the probe volume, and 
the actual data acquisition procedures used to acquire the data. The 
survey setup, preliminary setup, and data acquisition procedures are 


described below. 
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1_. Survey setup 

A computer program was used to set up the coordinates of the survey 
points at which laser anemometer data would be acquired prior to actually 
beginning data acquisition. The "survey setup program" generates a disk 
file consisting of the coordinates of the LFA survey points, specified 
along a selected design axlsymmetrlc stream surface, and their required 
beam orientations. This survey file Is then read by the data acquisition 
program which automatically sequences through the specified survey points 
and results In collection of the desired data. 

Figure 4.2 Is a meridional view of the research compressor flow path 
which shows the 10 and 50 percent stream surfaces along which the LA data 
were acquired. The dots are positioned at approximate axial locations of 
measurements. The complete LFA survey grids for the 10 and 50 percent 
stream surface surveys are shown In Figure 4.3 and the relative 
coordinates of the survey points are given In Table 4.1 and Table 4.2, 
respectively. The solid circles (dots) In Figure 4.3 Indicate survey 
points where data were actually acquired, whereas the open circles 
Indicate where data acquisition was attempted but data could not be 
acquired, or was of poor quality. Problems with window blockage. 
Insufficient entrainment of seed particles across flow boundaries, seed 
particle accumulation on solid surfaces, separated flow regions, and very 
high flow unsteadiness contributed to an Inability to acquire data at some 
of the survey points. 

Each stator flow-field survey was divided Into two separate surveys; 
an Interblade-row survey, and an Intrablade-row survey. The Interblade- 
row survey consisted of nominally eight axial survey stations, six In 
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Figure 4.3 Blade-to-blade view of the 10 and 50 percent stream 
surfaces showing the actual laser anemometer 
measurement survey grids 
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Table 4.1 . 


Interblade 

survey 


Intrablade 

survey 


Relative coordinates of laser anemometer survey locations 
along the 10 percent stream surface (stator chord = 5.6 cm) 


AXIAL STATOR INTERBLADE- 

SURVEY CHORD ROW GAP 

STATION PERCENT PERCENT 


CIRCUMFERENTIAL 
COORDINATE OF 
SURVEY POINT 


I A -104 

B -82 

C -62 

D -41 

E -28 

F -20 

I G -10 

H 0 

I 10 

J 20 

K 35 

L 50 

M 65 

N 85 

0 100 

P 110 

Q 130 

R 154 



5 to 95 percent 
of stator lead- 
ing edge gap In 
10 percent gap 
Increments 


5 to 95 percent 
of local stator 
gap In 10 percent 
gap Increments 
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Table 4.2. Relative coordinates of laser anemometer survey locations 
along the 50 percent stream surface (stator chord = 5.6 cm) 


AXIAL STATOR INTERBLADE- 

SURVEY CHORD ROW GAP 

STATION PERCENT PERCENT 


CIRCUMFERENTIAL 
COORDINATE OF 
SURVEY POINT 


I A -70 

B -52 

C -34 

D -30 

E -18 

/ F -10 

G -8 

H -5 

l 1 0 

\ J 5 

IK 10 

L 20 

/ M 35 

j N 50 

I 0 65 

IP 85 

Q 100 

r no 

S 130 

T 150 


20 j 5 to 95 percent 

40 / of stator lead- 

40 1 Ing edge gap In 
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80 ) Increments 

\ 
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of local stator 
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gap Increments 


Intrablade-row 

survey 
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the Interblade-row gap between the rotor trailing edge and stator leading 
edge, and two at 0 and 10 percent of stator axial chord. The Interblade- 
row gap is defined as the axial distance between the rotor trailing edge 
and stator leading edge at the radii corresponding to the design 
axisymmetric stream surface. At each of these axial survey stations, ten 
equally spaced circumferential survey points were specified across a 
stator circumferential gap. The stator circumferential gap varies with 
axial position and is defined as the circumferential distance across the 
stator flow field between the pressure and suction surfaces. Ahead of the 
stator leading edge, the circumferential survey points were specified from 
5 to 95 percent of the stator leading edge circumferential gap in 10 
percent gap Increments. Therefore, upstream of the stator leading edge, 
the ten circumferential survey points were at the same absolute 
circumferential locations at each axial survey station. At the stator 
leading edge, and at all survey stations downstream of the stator leading 
edge, the circumferential survey points were specified from 5 to 
95 percent of the local stator circumferential gap In 10 percent gap 
Increments . 

The Intrablade-row survey consisted of nominally 15 axial survey 
stations between -10 to 154 percent of stator axial chord. At each of 
these axial stations there were ten circumferential survey points 
specified, equally spaced from 5 to 95 percent of local stator 
circumferential gap in 10 percent gap Increments. Outside of the stator 
blade row the percent gap was referenced to the extension of the stator 
blade mean camber line. 
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In order to verify matching between the data acquired for each 
survey, the 0 and 10 percent stator axial chord stations were surveyed 
twice, once for the Interblade-row survey and again for the Intrablade-row 
survey. The Interblade-row surveys at 0 and 10 percent stator axial 
chord, however, could not be completed near the stator suction surface as 
the rotor window frame substantially blocked the collection of scattered 
light from seed particles. Therefore, only the Interblade-row results 
upstream of -10 percent stator axial chord, In conjunction with the 
Intrablade-row survey results, were used In constructing all data figures 
presented herein (see Fig. 4.3 and Tables 4.1 and 4.2). 

2. Preliminary LFA setup 

The LFA setup procedures, performed each day prior to beginning data 
acquisition, consisted of orienting the LFA system relative to the 
research compressor coordinate system, and orienting the LFA probe volume 
and rotor blades relative to the surveyed stator blade passage. The LFA 
system Itself, with optics optimally aligned, was used In the following 
manner to accomplish the above mentioned LFA setup procedures. With the 
orange-pass filter removed from the optics path, thereby sensitizing the 
LA system to light scattered from metallic surfaces, the LFA probe volume 
was moved relative to known "sharp- edged" reference points until the 
output current from the PMT was maximized. At this point, from visual 
observation, the LFA probe volume was aligned to the known reference point. 

To orient the LFA system to the research compressor coordinate 
system, the LFA system was positioned. In the above manner, such that the 
LFA probe volume was located at the upstream edge of the stator foot-ring. 
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see Figure 3.2, the position of which was known relative to the research 
compressor coordinate system. The LFA system motor drive offsets were 
then updated, according to the difference In the measured and expected 
positions of the stator foot-ring reference point, such that the motor 
drive positioning program would reflect the probe volume position In the 
research compressor coordinate system. 

To orient the LFA probe volume to the surveyed stator blade passage, 
the LFA system was positioned such that the probe volume was located at 
the leading and trailing edges of the lower surveyed stator blade at the 
radii which corresponded to the design stream surface along which the 
stator flow field was surveyed (refer to Figures 3.7 and 3.8). The laser 
system was then used, as described above, to determine when the LFA probe 
volume was positioned at the lower surveyed stator blade edges. A visual 
Inspection was made for verification. By knowing the measured locations 
of the lower surveyed stator blade edges, at the radii corresponding to 
the design axlsymmetrlc stream surface along which the stator flow field 
was surveyed, the position of the probe volume with respect to the 
surveyed stator blade passage could be determined with good precision. 

The final LFA setup procedure was to orient the rotor blades with 
respect to the surveyed stator blade passage. This was accomplished with 
the research compressor operating at design speed and at the desired 
survey flow conditions. Prior to determining the orientation of the rotor 
blades relative to the surveyed stator blade passage, the above determined 
stationary reference coordinates were remeasured, based on their measured 
nonrotating positions, to Insure that they did not change after the 
research compressor was allowed to stabilize at the survey operating 
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conditions. The LFA system was again used as a measuring tool, this time 
to determine the position of the rotor blades relative to the surveyed 
stator blade passage. The LFA probe volume was positioned at the radius 
which corresponded to the design stream surface along which the stator 
flow field was surveyed, and at the circumferential position which 
corresponded to the lower stator blade leading edge, as measured above. 

The probe volume was then moved axially away from the stator leading edge, 
towards the trailing edge plane of the rotor blade row, until the PMT 
output current was maximized, which In this case corresponded to the probe 
volume being positioned at the trailing edge plane of the rotor blade 
row. With the orange-pass filter removed from the optics path and the 
laser power and PMT high-voltage power supply properly adjusted, the data 
acquisition program was run to acquire and save on disk approximately 
15 000 measurements of the rotor blade trailing edge as It passed through 
the laser probe volume. As each measurement was acquired It was 
simultaneously tagged with the corresponding angular position of the rotor 
wheel (l.e., rotor shaft position) at which the measurement occurred. For 
this experiment there were 850 equally spaced rotor shaft positions 
distributed across 17 rotor blade passages, which resulted In 50 rotor 
shaft positions per rotor blade passage. Therefore, assuming that the LFA 
probe volume was optimally aligned to the rotor blade row trailing edge 
plane, there would be a clustering of measurements about every 50 shaft 
positions which correspond to the locations of the rotor blade edges. For 
all other shaft positions between rotor blade edges, the number of 
measurements would be zero. The shaft positions corresponding to the 
rotor blade edges could, therefore, be Identified as the shaft positions 
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which have the greatest number of measurements and which are spaced apart 
about every 50 shaft positions. These measured rotor trailing edge shaft 
positions were found to be consistently repeatable. By referencing these 
measured rotor trailing edge shaft positions to the blade passage In which 
they occurred (1.e. f shaft positions from 1 to 50) an average rotor 
trailing edge shaft position was determined. This average rotor blade 
shaft position was used In subsequent surveys of the stator flow field to 
trigger the beginning of data acquisition, during every revolution of the 
rotor, to occur at the circumferential coincidence of the rotor trailing 
edge with the surveyed stator leading edge, and to offset each shaft 
position, as It was saved on disk, such that the coincident shaft position 
was Identified as shaft position one, subsequent shaft positions were 
Incremented from there. Therefore, for all subsequent experiments and 
displayed or saved results, shaft position one corresponds to 
circumferential coincidence of the rotor trailing edge with the surveyed 
stator leading edge. 

Finally, the stator survey file was updated to reflect the measured 
locations of the surveyed stator blade edges and to reflect the current 
measured rotor trailing edge shaft position which would be used to trigger 
the beginning of data acquisition during each rotor revolution. This 
Insured that the coordinates of all survey points were accurately 
positioned relative to the surveyed stator passage and that, for all 
survey points, the rotor blade trailing edges were accurately In sync with 
the lower surveyed stator blade leading edge. 
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3. Data acquisition 

The LFA system minicomputer was used to control the data acquisition 
procedures via an automated data acquisition program [75], which Is set up 
to sequentially acquire data at each of the survey points specified In the 
survey file. At each of these survey points, the LFA system was free to 
acquire velocity measurements whenever a seed particle crossed the LFA 
probe volume, which resulted In the random acquisition of many velocity 
measurements during every rotor revolution. The seed particle 
fringe-crossing frequency, which Is proportional to the particle velocity, 
was measured by the laser anemometer signal processor. A continuous 
measure of the rotor shaft position, relative to a once-per-rev signal 
obtained from the rotor disk, was provided by the compressor rotor 
shaft-angle encoder. When a velocity measurement occurred, the seed 
particle fringe-crossing frequency and corresponding rotor shaft position 
were simultaneously transmitted to the LFA system minicomputer which 
recorded them as a data pair. The actual recorded rotor shaft positions 
were referenced to the lower surveyed stator blade leading edge, as 
explained In the previous section. 

At each survey point, nominally 30 000 measurements ( 1 . e . , data 
pairs) were acquired at each of two fringe angles, oriented at ±20° of the 
time-averaged absolute flow angle In order to reduce flow angle biasing. 
The time-averaged absolute flow angle was previously determined from a 
series of short LFA experiments and was found to vary blade-to-blade by 
less than about ±3°. Therefore, the circumferentially averaged values of 
the time-averaged absolute flow angle distributions were used to determine 
the fringe angle orientation at each axial survey station. The data at 
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each survey point were recorded at one of 850 different rotor shaft 
positions, which were evenly distributed as 50 positions per blade passage 
across 17 of the 22 rotor blade passages. 

After all the requested data for a particular survey point had been 
acquired, the following Information was stored on the LFA system disk 
storage medium: the number of measurements, the sum of the seed particle 

fringe-crossing frequencies, and the sum of the frequencies squared, at 
each of the 850 rotor shaft positions. In addition, "background 
Information" was also recorded on disk which Included; the coordinates of 
the survey point position, the number of rotor shaft positions and rotor 
blades surveyed, the total number of measurements requested, the plenum 
temperature, and the research compressor operating conditions (l.e., 
pressure ratio, weight flow, and rotational speed). The LFA data were 
eventually transferred from the data disks to a data tape which could be 
read by the mainframe computer used to reduce the data. 

As previously mentioned In the section describing the LFA setup 
procedures, the data for each stream surface survey were acquired In two 
parts, an Interblade-row survey and an Intrablade- row survey. The 
Interblade-row surveys for each stream surface were accomplished In the 
fall season (l.e., October), about five months prior to beginning the 
Intrablade-row surveys which were accomplished during the later part of 
the winter season (l.e., March). The reason for the large time difference 
between acquiring the Interblade-row and Intrablade-row surveys was due to 
facility scheduling and hardware availability problems. Fabrication of 
the stator window was not complete at the time the stator surveys were 
scheduled. Therefore, In order to keep on schedule. It was decided to go 
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ahead and accomplish the Interblade- row surveys with the rotor window In 
place. The rotor window, however, did not extend much past the stator 
leading edge (see Figure 3.7), and therefore the Intrablade- row surveys 
had to be postponed until the stator window was available. Once the 
stator window was available, the Intrablade-row surveys were Initiated. 

An Interblade-row survey required about 6 hours to complete, and an 
Intrablade-row survey required about 12 hours to complete. Approximately 
4 hours were required to complete the preliminary setup procedures. On 
the average, each survey point required about 3 min to complete, which 
Included the time required to position the optics, write the data to disk, 
and print the survey log. In general, the data for each Interblade-row 
and Intrablade-row survey were acquired with the rig In continuous 
operation. However, brief shutdown periods were occasionally required In 
order to clean the laser window or to recheck reference points. Although 
a substantial span of time elapsed between completion of the Interblade- 
and Intrablade-row survey measurments, there appears to be good continuity 
between all results. In any case, the conclusions obtained from these 
survey results are specific to measurements acquired completely within 
either the Interblade- or Intrablade-row surveys, and therefore are not 
affected by any possible mismatch between these surveys. 

The PMT supply voltage and laser power were set at nominally 1600 V 
and 1.5 W, respectively, which resulted In a typical data rate of about 
1000 measurements per second. However, the data rate varied from less 
than one measurement per second to as much as 2500 measurements per 
second, depending on various factors, such as; Insufficient seed particle 
entrainment across flow boundaries which reduces seed particle density In 
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the laser probe volume, proximity to solid surfaces and window fouling 
which degrades signal to noise ratio, and low velocity regions which 
reduce the number of seed particles crossing the probe volume per unit of 
time. In order to minimize the overall time to acquire data for a 
complete survey, data acquisition was suspended If the data rate could not 
be maintained above about 50 measurements per second. However, In cases 
where the data was considered Important enough to acquire even though the 
data rate was below 50 measurements per second, the number of measurements 
requested was reduced to as few as 10 000 In order to obtain some measure 
of the velocity and yet still minimize the overall data acquisition time. 

B. Data Reduction 

The first level of data reduction consisted of determining the 

i » 

velocity components which characterize the fundamental nature of the 
unsteady-deterministic and random features of the flow field. These 
velocity components were then used to calculate all other results 
presented herein. Including the rotor- and stator-relative time-average 
velocities, and the velocity correlations associated with Adamczyk's 
average passage model. In order to facilitate Interpretation of the 
results, a brief summary of Adamczyk's average passage model Is presented 
herein. For all calculations, density fluctuations were neglected as 
there was no means of measuring the time-resolved density. The symbols 
used In the equations are defined In the Symbols and Notation section. 

The relationships between the actual laser anemometer measurements and the 
various averages used In the data reduction procedures are provided In 
Figure 4.4 which will be referred to In the ensuing sections. 
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Figure 4.4 Illustration showing the relationship between the 
actual velocity measurements and the various 
averages used In the data reduction process 
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1. Velocity components 

The measured seed particle fringe crossing frequencies are converted 
to velocity by multiplying by the fringe spacing. The velocities are then 
converted to standard day conditions using the equation 



where V Is the corrected velocity, T Is the plenum temperature, and 

P 

T $ Is the standard-day temperature. In all subsequent equations V will 
always refer to the standard-day corrected velocity and, therefore, the 
subscript c will be eliminated henceforth. 

As previously mentioned, the laser anemometer system acquires 
velocity measurments over many successive rotor revolutions which results 
In a distribution of velocity measurements at every surveyed rotor shaft 
position. Examples of two such velocity distributions acquired at 
different rotor shaft positions are provided In the upper two plots of 
Figure 4.4. Each measured velocity distribution contains Information 
about both the unsteady-deterministic ( 1 . e . , rotor wake) flow-field 
features and the "random" unsteadiness. Because the flows In 
turbomachinery are nonstationary, "ensemble averaging" [78] Is required In 
order to decouple the unsteady-deterministic flow-field features from the 
"random" fluctuations. For the purpose of this thesis, when ensemble 
averaging, an experiment Is defined as all measurements acquired during a 
given rotor revolution. As measurements are acquired during each rotor 
revolution, the LFA data acquisition system automatically sums the measured 
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particle fringe crossing frequency and Its square at every rotor shaft 
position. Therefore, the ensemble average velocity and corresponding 
variance are readily determined at each rotor shaft position as 



where the superscript 'w' denotes the ensemble average, Is the 

Instantaneous velocity measured at a particular rotor shaft position 
during a given rotor revolution, and n Is the number of measurements 
acquired at that particular rotor shaft position. Since there were 
typically 30 000 measurements acquired for each measured component, and 
assuming these measurements were equally distributed across all 850 
measured rotor shaft positions, there would be an average of n = 35 
measurements per rotor shaft position. A typical distribution of 
ensemble-averaged velocities across 6 of the 17 surveyed rotor blade 
passages Is shown In the middle plot of Figure 4.4 (l.e., third plot from 
the top) . 

The ensemble-averaged velocity components In the research compressor 
coordinate system can be calculated, at every rotor shaft position of each 
survey point, using the ensemble-averaged results determined from runs 
made at multiple beam orientations. The research compressor coordinate 
system and LFA beam geometry orientation are shown In Figure 4.5. The 
measured velocity component V lies along line AA, which Is In the 
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Figure 4.5 Research compressor coordinate system and laser 
beam geometry orientation 
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plane of the beams and perpendicular to the bisector of the crossing 

beams. The beam bisector can be deflected In the off-radial direction by 

the goniometer mirror (see Fig. 3.6). The beam bisector Is restricted to 

the (R,0) plane, and the deflection angle Is denoted by <p . The 

R 

rotatable beam splitter Is used to rotate the direction of the fringe 

normals about the R'-axIs (which Is aligned with the beam bisector). The 

angle between the fringe normals and the Z-axIs Is denoted by tp and 

z 

Is measured In the (Z.e 1 ) plane. The z, e, r velocity components 
are related to the measured velocity components through the following 
three equations. 

V COS a * V COS 13 + V„ COS y = V (4.4) 

z me m R mm 

where subscript m Is assigned the values 1, 2, 3, corresponding to each 

different beam orientation, and 

COS a = COS <p^ 

cos (3 = cos <p n sin <p 
R z 

cos y = sin <p sin <p 
K Z 

For the present Investigation, there were only two runs made at 
different <p angles. Therefore, assuming (p = 0, the following 

Z K 

two equations can be used to calculate the axial and tangential components. 

V cos a * V cos (3 = V (4.5) 

z me mm 

In practice (p = 0 for most survey points. However, near the stator 
K 

surface, the <p angles for the two runs are equal, but are set to 
K 

some nonzero value In the range -6° to +12° (pressure to suction surface, 
respectively) In order to eliminate beam blockage due to the window 
frames. Thus, the calculated tangential component of velocity actually 
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lies along the 0' direction when <*> / 0. Although this 
Introduces an additional error source In the measurements. It was 
considered a reasonable sacrifice In order to obtain some Indication of 
the nature of the flow field close to the stator surface, which would 
otherwise not be possible. Since the cosine of 12 degrees Is 0.9781, the 
difference between the calculated velocity In the e' direction and the 
velocity In the e direction (2.2 percent) was considered acceptable. 

The ensemble-averaged axial and tangential velocity components are 
calculated from the ensemble averages of the measured velocity components 
using the ensemble averaged form of Equation (4.5). 

AA AA AA 

V COS a + V , cos 6 m = V (4.6) 

z m 6 m m 

The total absolute ensemble-averaged velocity, therefore, Is 


v t=VK + v) (4 - 7 

Earlier Investigations [79] have demonstrated the periodicity of the 
flow field between the rotor passages of this research compressor. 

Figure 4.6 shows, at several different survey locations, ensemble-averaged 
axial-velocity profiles measured across each of 17 rotor blade passages, 
plotted to the same scale. These measurements, acquired during the scope 
of this research program, support the periodicity of the flow field 
between the rotor blade passages of this research compressor. Therefore, 
as standard practice, all ensemble-averaged velocity components presented 
herein are temporally phase-lock averaged as follows. 


G. = 


n rp 

E G 

1=1 


J.1 


N 


RP 


(4.8) 
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Figure 4.6 Periodicity of rotor flow field 
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where G represents any flow-field parameter (e.g., V or V' ), the 
subscript j=l to 50 denotes a particular shaft position measured 
relative to the suction surface of the 1'th rotor passage, the 
superscript denotes the temporal phase-lock average, and N Is 

K r 

the total number of rotor passages surveyed ( 1 . e . , 17 passages). Since 
the ensemble-averaged axial and tangential velocities were determined from 
the measured data at 850 rotor shaft positions, equally distributed across 
17 of the 22 rotor blade passages, the successive application of Equation 
(4.8) results In a description of the flow field In a representative rotor 
passage at 50 equally spaced shaft positions across the rotor passage 
(e.g., second plot from the bottom of Fig. 4.4). If all 30 000 
measurements were equally distributed across these 50 rotor shaft 
positions there would be an average of 600 measurements per shaft 
position. Note that all velocity components are temporally phase-lock 
averaged after the ensemble-averaged velocities and their corresponding 
variances are determined. This was done In an attempt to preclude any 
aperiodic flow-field variations, such as due to rotor passage geometry 
differences, from occurring In the temporally phase-lock averaged 
results. The temporally phase-lock averaged velocity and variance are 
assumed to characterize the fundamental nature of the typical 
unsteady-deterministic and random features, respectively, of the flow 
field, and therefore are used to determine all other reduced flow-field 
quantities. Including the velocity correlations. 

The lower plot of Figure 4.4 shows a typical distribution of 
time-averaged velocity measurements across a stator circumferential gap at 
one axial survey location. The temporal-phase-lock-averaged velocity 
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measurements at each gap-wise location are used in determining the 
corresponding time-averaged velocities in the absolute (i.e., 
stator-relative) frame of reference (see Appendix B). The difference 
between the temporal-phase- lock-averaged results and the time-averaged 
results provides an estimate of the deterministic velocity fluctuations. 
The circumferential average of the gap-wise distribution of time-averaged 
velocities at each axial survey location provides an estimate of the 
corresponding axisymmetric velocity. 

2. Summary of average-passage model 

In the derivation of the average-passage system of equations, 

Adamczyk [7] assumed that the absolute velocity field, with respect to a 
given blade row, could be decomposed in the following manner. First, 
Adamczyk assumed that the absolute velocity field could be decomposed as, 
in vector notation, 

/w. 

^ 

where is the ensemble-averaged (unsteady-deterministic) component, 
and <V' is the random fluctuating component. Next, Adamczyk assumed that 
the ensemble-averaged velocity field could be decomposed as 

AA /vrJ 

= <v + <v 

r\j\ I 

where is the time-averaged component, and <v is the deterministic 
fluctuating component. Finally, Adamczyk assumed that the time-averaged 

velocity field could be decomposed as 

///// | 

yvrv. /w. 

<j) = + <v 
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where Is the passage-to-passage averaged (periodic) component, and 

I 

s\/\. 

<£> Is the passage-to-passage aperiodic component. The passage-to-passage 
averaged component describes a steady-state flow field which Is the same 
In each blade-to- blade passage of a specific blade row. The passage-to- 
passage aperiodic component arises from differing rotor or stator blade 
counts In successive stages. In a single-stage turbomachine the aperiodic 

i 

AA> 

component, V, would be zero, provided passage-to-passage flow variability 
Is not Introduced by passage-to-passage geometry differences (e.g., due to 
manufacturing tolerances of Installation). Combining all of these 
separate velocity decompositions together yields, 

///// I 

rvA A/' rv/' 1 

V = <V + <v + + <f' (4.9) 

It should be noted that all averages In the above equation are density 
weighted averages, according to Adamczyk's derivation. Adamczyk then 
substituted the above velocity decomposition Into the Navler-Stokes 
equations and. In a manner analogous to Reynolds averaging the 
Navler-Stokes equations, performed the following averages. 

1. An ensemble average to decouple the unsteady-deterministic 
flow-field features from the random unsteadiness. 

2. A time average to decouple the steady state flow-field features 
from the deterministic unsteadiness. 

3. A phase-lock average to decouple the passage-to-passage periodic 
flow-field features from the passage-to-passage aperiodic 


flow-field features. 
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As a result, the average-passage system of equations was developed. 
From the derivation of the average-passage system of equations, the 
following second-order tensor was Identified. 


////////// 


/////////// //////// 


r\j r\jf\J* r\j* A^W\/ 

% - 'Vj * 'Vj * ' v i v j 


(4.10) 


where subscripts 1 and j are assigned the values 1, 2, and 3, which 
correspond to the axial, tangential, and radial coordinates, 
respectively. The variable p Is the fluid density,#,. Is the total 

////////// 1 j 

1— 1 

/ \jrsj r<j 

apparent stress, pV.V Is the stress due to passage-to-passage 
///////// 1 J 

rv/A/l I 

aperlodlclty, pV V Is the stress due to deterministic unsteadiness, 

///////// ' J 


and pV^Vj the stress due to random unsteadiness. This total 
apparent-stress tensor Is generic to the average-passage system of 
equations, and along with body forces and energy terms. Its evaluation 
constitutes the closure problem for this equation system. 

Since the data presented herein were acquired In only one stator 
passage of a single-stage compressor, there Is no measure of stator 
passage-to-passage aperlodlclty. Therefore, the aperiodic stress term of 


Equation (4.10), ^>V ^ V ^ = 0. In addition, although the measured flow field 
Is compressible, there was no means of measuring the time-resolved 
density, therefore, Equation (4.10) cannot be Identically calculated from 
the measured data. However, If the density fluctuations are negligible 
compared to the velocity fluctuations, we can rewrite Equation (4.10) as 




/\yvr\/x, \ 

* Vjj 


(4.11) 
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The following sections describe the procedures and equations used to 
resolve the correlations of the deterministic and random velocity 

r\j I r\j I aaaa. 

fluctuations (l.e., and V^Vj, respectively). 


3. Determinist ic -velocity correlatio ns 

A possible approach for further decomposing the deterministic-velocity 


r\j\ r\y\ 


correlations, V^, which might be useful for developing a model of 
the deterministic-velocity correlations was proposed by Adamczyk et al 
[69]. Drawing from an analogy to gust theory [80], Adamczyk further 
decomposed the absolute deterministic velocity component as 


$(R,e,z,t) =^ AX (R,z) +[V s (R,e,z) -^ AX (R,z)] 

+ JV R (R,e - ut,z) -<^ AX (R,z)] t<^ A (R,e - wt , z ) +^ U (R,e,z,t) (4.12) 

where, with respect to the current research compressor , ^ AX Is the 

p 

axlsymmetrlc velocity,^ Is the absolute velocity field as observed In 
a frame of reference fixed to the rotor blade row (l.e., describes the 
Incident gust),^ Is the corresponding velocity field observed In a 
frame of reference fixed to the stator blade row (l.e., the Interacted 
velocity field), Is the component of velocity which Is unsteady In 
either frame of reference (l.e., response of the Interacted field to the 
Incident gust),^ A Is the component of velocity which Is unsteady In 
the rotor frame of reference (due to spatial aperlodlclty of the stator 
flow field, and rotor geometry Induced flow-field variations), and 


_ (n - 1) 2ir 
(N$pN R ) u> 


where n denotes a particular rotor shaft position, N R Is the number 
of rotor blades, N $p Is the number of rotor shaft positions per rotor 
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blade passage (N $p = 50 for this rotor), and w Is the angular speed of 

,A 

the rotor. For the test compressor used In this research program V 

Is assumed negligible, and therefore was eliminated by temporally 

phase-lock averaging, as explained previously. 

Fixed to the stator frame of reference the velocity will 

R n 

appear steady In time, while the components V and <\) will appear 
unsteady In time. Therefore, If we define the velocity component as 

<V l = [V R (R,e - cot.z) -</ X (R,z)] (4.13) 

then the deterministic-velocity correlations which appear In the 
average-passage equation system associated with the stator blade row can 
be obtained by forming the time average, relative to the stator blade row, 
of W + ) , assuming density fluctuations are negligible. The 

result. In tensor notation, Is 

t I i n u T u n 

= VjVj * Vjvj + V] ,vj + V^Vj ( 4 . 14 ) 

TOVC IDVC ^TTsVC SDVC 

where the subscripts 1,j take on the values 1, 2, and 3, corresponding 
to the axial, tangential, and radial velocity components, respectively. 

The first term on the right of the equal sign are the correlations of the 
deterministic-velocity fluctuations associated with the rotor-relative 
time-averaged rotor wake ( 1 . e . , Incident gust), and may be thought of as 
representing the deterministic unsteadiness which might be present In the 
absence of rotor/stator Interactions. The remaining terms on the right of 
the equal sign represent the stators response to the Incident rotor-wake 
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gust. The meaning of the acronyms below each term of Equation (4.14) are 
explained In a later section. 

The temporally phase-lock averaged velocity field, determined using 
Equation (4.8), contains all Information about the total deterministic 
unsteadiness, which Is a function of r, z, e, t (where t Is a 
function of rotor shaft position, not real time). The Incident velocity 
field components, determined using Equation (ll.l)(see Appendix B), are 
Independent of circumferential position, e, and provide the necessary 
Information about the Incident rotor-wake gust. Therefore, the 
total-deterministic- and Incident-velocity correlations are calculated by 
first determining their respective fluctuating velocity components In the 
research compressor coordinate system. Then, at each spatial survey 
point, the square of the fluctuating velocity components at every rotor 
shaft position are determined. Finally, these results are time averaged 
In the stator frame of reference (see Appendix B) to yield the 
corresponding total-deterministic- or Incident-velocity correlations at 
every spatial survey point. Thus, the total-determlnlstlc-veloclty 
correlations are determined as 



(4.15) 


and the Incident-velocity correlations are determined as 



(4.16) 


where superscripts AAA/\ f WVM 


, refer to ensemble average. 


temporal phase-lock average, rotor-relative time average, and 
stator-relative time average, respectively. The corresponding 
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axlsymmetrlc values of the total deterministic-velocity correlations are 
determined from arithmetically averaging the results determined from 
Equation (4.14) for all circumferential survey points at each axial survey 
station. 

4. Turbulent-velocity correlations 

In Equation (4.10), the term representing the turbulent-velocity 
correlation consists of three components (see also Eq. (4.11)). These 
three components are essentially the stator-relative time averages of the 
axial and tangential components of the Reynolds normal stresses and the 
Reynolds shear stress. Since a single component laser anemometer system 
was used during this research program to acquire the data, the Reynolds 
shear stress component could not be determined. Furthermore, at each 
survey point, velocity measurements were made at only two beam 
orientations, which were acquired Independently of each other. Therefore, 
It was not possible to calculate the standard deviation of the velocities 
for other than the measured velocity components. However, a procedure to 
estimate the upper and lower bounds of the standard deviation of the 
velocity components In the axial and tangential directions Is explained In 
Appendix C. Unfortunately, these bounds are extremely large and therefore 
they provide very little useful Information. Therefore, the standard 
deviations of the actual measured velocity components are generally used 
to provide Information about the nature of the turbulent-velocity 


correlations . 
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V. PRESENTATION AND DISCUSSION OF DATA 

The results of the LFA measurements acquired along the 10 and 
50 percent axlsymmetrlc stream surfaces are presented and discussed In 
this section. The results are presented In graphical form only. Including 
contour maps which are frequently relied upon In order to help assimilate 
the large amounts of data Involved. All measured data points are graphed 
with a symbol marking the actual data point and statistical error bars 
which represent the 95 percent confidence Intervals. Contour maps are 
constructed to present the results across two blade passages In order to 
afford better visualization of the flow patterns. For contour plots of 
the time- resol ved data which are not periodic from passage to passage, the 
flow field In any other passage can be determined from the results of the 
measured stator passage through their phase relationship with the rotor. 

In constructing the two-passage contour plots the contour plotting program 
has no knowledge of the presence of the middle stator blade of the contour 
plot, and therefore only the upper and lower stator blades should be used 
to Infer conclusions about the results near the stator blade surfaces. 

The actual LFA measurements are stored on magnetic tape which Is available 
for distribution. 

The unsteady flows which will be discussed herein are classified Into 
two categories; (1) deterministic unsteadiness, and (2) turbulence. 
Deterministic unsteadiness refers to the rotor wake generated unsteadiness 
caused by the periodic chopping and subsequent transport of rotor wakes 
through the stator blade row. Turbulence, In the context of this 
discussion, refers to any unsteady flow fluctuations which are not 


69 


correlated with the blade passlhg frequency, for example; global flow- 

field fluctuations, vortex shedding from blades, shock Induced flow 

| 

oscillations, and purely random flow fluctuations. 

In typical turbomachines, the unsteadiness caused by the relative 

motion between blade rows Is normally due to both potential flow-field 

> 

Interactions and viscous Interactions due to wake chopping. However, as 
previously mentioned, the data presented herein were acquired within a 
compressor designed for minimal acoustical Interactions, which was 
accomplished by Increasing the spacing between the blade rows. As a 
result, the Interactions between the potential flow fields of each blade 
row were minimized. Therefore, only viscous Interactions due to 
deterministic (l.e., rotor-wake-generated) unsteadiness and turbulence are 
present In the results contained herein. 

As previously mentioned (Section IV. B. 4), only bounds on the minimum 
and maximum expected turbulence levels could be provided for turbulence 
components, except in the direction of the measured fringe angle 
orientations. To provide some Indication of the turbulence variation In 
the flow field, the lower bound of turbulence will be used to provide 
qualitative Indications of the axial, tangential, and total components of 
turbulence. However, when a quantitative measure of turbulence Is 
required the actual measured turbulence estimates In the directions of the 
fringe angle orientations will be presented. 

A. Uncertainty Analysis 

The uncertainty analysis presented herein makes use of the terms 
precision and bias as defined by Kline [81], wherein precision refers to 
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random components of uncertainty or repeatability and bias refers to fixed 
components of uncertainty or systematic errors. The uncertainties In 
positioning the laser probe volume and In determining the rotor shaft 
position are estimates of the total (precision plus bias) uncertainties, 
and have been previously quoted at a 95 percent confidence level In 
Sections III.C.3 and IV. A. 3, respectively. The error In any single LFA 
measurement Is a function of many different parameters Including flow 
turbulence and random noise In the photomultiplier tube signal. As a 
result, It Is difficult to make estimates of the total uncertainty In an 
Individual LFA measurement since this noise Is generated by background 
radiation which varies with each measurement. Flowever, estimates of the 
precision uncertainty Intervals of the ensemble-averaged velocities were 
calculated, based on the number of Individual LFA measurements acquired at 
each rotor shaft position. The estimated precision uncertainties of the 
ensemble-averaged velocities were then used to estimate the precision 
uncertainties of all other parameters which were calculated from the 
ensemble-averaged velocities using the method of Kline [81] for 
calculating the propagation of uncertainties In calculations. 

All graphed quantities Include error bars to Identify the estimated 
precision uncertainty Intervals of all measured or calculated parameters. 

A summary of some of the other error sources associated with LFA 
measurements are presented below, and the estimates of the uncertainties 
In the measured velocities resulting from each error source are provided 
In Table 5.1. All uncertainties are quoted for a 95 percent confidence 


1 evel . 
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Table 5.1 Estimates of bias uncertainty In velocity measurements 


Statistical bias 

1.2 percent within rotor wakes 

0.3 percent outside rotor wakes 

Angle bias 

3 percent within rotor wakes 

1 percent outside rotor wakes 

Negative velocity bias 
due to flow reversals 

could not be estimated 


Bias due to probe volume 0.2 percent 

position uncertainty 
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1. Precision uncertainties 

A statistical measure of the uncertainty In the precision of V as 
an estimate of the true mean velocity, p , Is given by 


V - 


x/2 S 


< p < V + 


x/2 S 


Vn M ' Vn 

rxj p 

where V and J are the ensemble-average and standard deviation 
(Eqs. (4.2) and (4.3)), respectively, and t .. Is the value of the 

ol/2 

student-t distribution at the (1 - a) 100 percent confidence level with 
(n - 1) degrees of freedom. For a 95 percent confidence level (a = 0.05) 
and n > 30, t /0 = 2.0. 

a/2 

Similarly, a statistical measure of the uncertainty In the precision 

2 2 
of S as an estimate of the true variance, a , Is given by 


(n - 1)J 2 < 2 
2 < ° 
X a/2 


< (n - 1)J 2 
2 

X l-a/2 


c2 i 

where J Is the variance of a random sample of size n (Eq. (4.3)), 

2 2 ■ 

and x a /2 an ^ x i_ a /2 are va ^ ues °f a chi-square distribution 
at the (1 - a) 100 percent confidence level with (n - 1) degrees of 
freedom [82]. 

c 2 

It should be noted that J resulted from the sum of flow 
fluctuation effects such as turbulence, velocity variations due to rotor 
speed drift, and velocity gradients In the tangential direction across the 
measurement shaft position Interval, plus the previously mentioned random 
noise In the photomultiplier tube signal. The maximum velocity gradient 
In the tangential direction occurs across the rotor wake and Is on the 
order of 3 percent per rotor shaft position at the rotor trailing edge and 
decreases to less than 0.1 percent per rotor shaft position at the stator 
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trailing edge. Observations Indicate that the rotor speed drift during a 
run Is on the order of 0.3 percent. 

The axial and tangential velocity components are related to the 
measured velocity components and the fringe orientation angles through 
Equation (4.5). The 95 percent confidence level of the precision 
uncertainty of the fringe orientation angle, Is 0.03°, and Is 
Included along with the precision uncertainties of the measured components 
In determining, through the propagation of uncertainties analysis, the 
precision uncertainties of the axial, and tangential components. 

2. Bias uncertainties 

The uncertainties associated with LFA measurements, Including 
methodologies for quantifying them, have been fairly comprehensively 
documented [83-85]. Only those sources of bias which Introduce the 
greatest uncertainty, and for which estimates of the uncertainties can be 
determined will be described below. Two of the most often cited sources 
of LFA bias uncertainty are statistical and angle biasing. Statistical 
biasing [86] arises due to the variation of velocity magnitude with time. 
For a uniformly seeded flow, more particles cross the probe volume per 
unit time when the velocity Is higher than when the velocity Is lower than 
the mean. Therefore, an arithmetic average of measurements made over a 
given period of time yields a calculated mean velocity which Is higher 
than the true mean. The greatest velocity variations occur In the rotor 
wake In which the velocity variations are as much as 15 percent of the 
mean, which would result In a 1.2 percent correction for velocity bias. 
However, these large excursions from the mean velocity are a result of the 
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vortex nature of the rotor wakes [87]. Because of the vortex nature of the 
wake there are two equally probable velocity states which can occur during 
any given measurement (see Fig. 4.4), and the probability of measuring a 
velocity equal to the mean of the distribution can be virtually nil. All 
other velocity distributions outside the rotor wake are single peak 
distributions. The greatest standard deviation from the mean of a single 
peak distribution, or from either peak of the double peaked velocity 
distributions Is about 5 percent, which would result In a 0.3 percent 
correction for velocity bias. Because the correction for velocity bias Is 
typically small, and since the nature of the velocity distribution cannot 
be ascertained, as only the mean and standard deviation of the velocities 
are usually recorded, the data have not been corrected for statistical 
bias . 

Angle biasing [88] occurs because the flow direction fluctuates with 
time. More measurements per unit time occur when the flow direction Is 
parallel to the fringe normal direction, e^, than when the flow 
direction fluctuates away from the fringe normal direction. The bias In 
the arithmetic average of velocity measurements acquired over a given time 
period Is proportional to the angle between the fringe normals and the 
mean flow direction. For the data presented herein, the angle between the 
fringe normals and the mean flow direction Is 20°, which yields an angle 
bias uncertainty of about 1 percent. However, based on LFA measurements 
the mean flow angle changes by as much as 30° across the rotor wakes, and 
therefore there are regions In which the angle between the fringe normals 
and the mean flow direction are on the order of 35°, which could result In 
a 3 percent error In the measured velocity. 
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Another source of velocity bias [83] occurs from the Inability of the 
current LFA system to distinguish between seed particles traveling In the 
positive or negative direction. Therefore, In regions containing flow 
reversals, such as In the separated boundary layers, the mean velocity 
will be biased high. The use of Bragg shifting Is one means of 
eliminating this source of velocity bias. 

The uncertainty In positioning the probe volume within the test 
section Is also a source of velocity bias [83]. This source of velocity 
bias can be calculated as the product of the estimated spatial flow 
gradients and the positional uncertainty In the direction of the 
gradient. The largest spatial gradients within the measurement grid are 
on the order of 1.5 percent per millimeter, and occur around the stator 
leading edge, near the stator suction surface, and across the stator 
wake. The maximum positional uncertainty of the probe volume Is on the 
order of 0.1 mm, which would result In less than a 0.2 percent bias 
uncertainty In the measured velocity. 

B. Description of the Measured Flow Field 

The relative motion between the rotor and stator blade rows 
complicates a description of the measured flow field. However, It Is 
possible to provide a reasonably clear picture of the unsteady 
Interactions resulting from both the deterministic unsteadiness and 
turbulence by presenting several descriptions of the measured flow field 
with respect to different viewpoints. The first viewpoint Is a 
''t1me"-averaged description of the measured flow field as would be seen by 
an observer moving with the stator blade row. This Is, of course, a view 
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from the measurement frame of reference. The second viewpoint Is a 
"t1me"-averaged description of the measured flow field as would be seen by 
an observer moving with the rotor blade row. This view provides a clear 
picture of the rotor wakes which eventually Interact with the stator blade 
row. The final viewpoint Is again from the measurement frame of 
reference, but now the "time" resolved description of the measured flow 
field Is presented. This view shows the relative motion between the rotor 
and stator rows, and the actual chopping and subsequent transport of the 
rotor wakes as they pass through the stator blade row. 

In the context of this discussion, "time" refers to the relative 
position of the rotor and stator rows, not real time. In the stator frame 
of reference, time Is Indicated by rotor shaft position. In the rotor 
frame of reference, time Is Indicated by circumferential position. Of 
course, to correctly represent units of time the rotor wheel speed must be 
considered. However, for Interpretation of the results It Is not 
necessary to display the correct units for time. 

1_. Stator-relative time-averaged description of measured flow field 

Figures 5.1 and 5.2 show the components of the stator-relative 
time-averaged absolute velocity field through the stator row for the 10 
and 50 percent stream surfaces, respectively, which Illustrates the extent 
of the stator potential flow field. It Is apparent that the stator 
potential flow field extends only about 30 percent of stator chord 
upstream from the stator leading edge plane, whereas the rotor trailing 
edge Is almost 100 percent of stator chord upstream of the stator leading 
edge. Therefore, It Is obvious that potential Interactions between the 
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stator and rotor are very weak (acoustic Interactions, however, may still 
be present), and that the only significant blade row Interactions are due 
to rotor wake generated unsteadiness and turbulence. It Is also apparent 
from Figures 5.1 and 5.2 that a significant low velocity region exists 
along the stator suction surface which eventually grows to become part of 
the stator wake as It leaves the stator blade. From the extent of this 
low velocity region near the stator suction surface, It Is probable that 
the boundary layer has separated. Figure 5.3 shows the locus of maximum 
velocities measured along the suction surface for both the 10 and 
50 percent axlsymmetrlc stream surfaces. These maximum velocities were 
determined at various chordwlse locations by observing the pltchwlse 
location at which the magnitude of the total time-averaged absolute 
velocity was a maximum, which occurred just prior to the laser probe 
volume entering the low velocity region near the stator suction surface. 

It Is probable that reverse flows are present within this low velocity 
region, but this could not be ascertained with the present LFA system. A 
similar effort to determine the stator pressure surface boundary layer was 
attempted, but was unsuccessful due to the spatial resolution of the LFA 
probe volume compared to the thickness of the pressure surface boundary 
layer. Other observations of the stator-relative time-averaged flow field 
Include the approximate location of the stagnation point and the resulting 
high velocity gradients around the stator leading edge. 

The stator-relative time-averaged description of the stator flow 
field as depicted In Figures 5.1 and 5.2 Is essentially the kind of 
picture a turbomachine designer has In mind when trying to design a blade 
row to match a given set of velocity triangles. If any attempt Is made to 
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surfaces 
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account for the unsteady flow effects It Is usually through "turbulence 
modeling." Turbulence modeling, as used In this paragraph, refers to the 
usual turbulence associated with external flows In which turbulence Is the 
only unsteadiness Involved. This kind of turbulence modeling Is 
appropriate for a Reynolds averaged model of the flow field. However, In 
turbomachines the flow field Is nonstationary, and therefore the Reynolds 
averaged equations of motion are time dependent. Therefore, the use of 
turbulence modeling of the type referred to above would require solution 
of the time-dependent Reynolds averaged equations of motion throughout an 
entire multistage turbomachine, which Is currently Impractical. 

2. Rotor-relative time-averaged description of measured flow field 

To provide a clearer picture of the unsteadiness a stator row sees as 
a result of an upstream rotor row we can recast the measured LFA data In 
the rotor frame of reference (see Appendix B). Contour maps of the 
rotor-relative time-averaged turbulence along the 10 and 50 percent stream 
surfaces are shown In Figure 5.4. The shaded regions of Figure 5.4 
Indicate the rotor wake fluid (see Appendix A). Figure 5.4, therefore, 
represents a time-averaged picture of the rotor wakes as they would be 
seen by an observer riding with the rotor blades. In this case, the 
stator blades appear smeared out, since they are moving relative to the 
rotor. Referring to Figure 5.4(B), the rotor wake appears to broaden more 
rapidly within the stator passage until eventually the adjacent rotor 
wakes begin to mix together by about 120 percent of stator chord. The 
broadening of the rotor wake within the stator passage Indicates that the 
stator row promotes mixing. The turning of fluid by the stator row can 
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also be observed by the upturning of the rotor wakes as they move through 
the stator blade row region. 

Figures 5.5 and 5.6 show further details of the character of the 
rotor-relative time-averaged rotor wake as It moves through the stator 
blade row region along the 10 and 50 percent axl symmetric stream surfaces, 
respectively. Along the 50 percent stream surface, see Figure 5.6(A), the 
rotor-relative time-averaged axial velocity component within the rotor 
wake looks much like the typical gausslan model of rotor wakes which has 
been proposed from previous Investigations of wakes In low-speed 
compressors [32-41]. The tangential velocity component of the 
time-averaged absolute total velocity, however, does not at all fit a 
gausslan model. At the 10 percent stream surface, see Figure 5.5, the 
character of the rotor wake Is much different than at the 50 percent 
stream surface, and the gausslan model Is completely Inadequate to 
describe this rotor wake. It Is Important to note that this particular 
rotor wake Is comprised of shed vortlcles from the rotor blade trailing 
edge [87] (see Fig. 5.7), and thus the wake has a different character than 
that which would occur from a simple mixing of two shear layers. 

Therefore, It Is apparent that a gausslan model cannot. In all Instances, 
adequately model the characteristics of the time-averaged rotor wake 
associated with a high-speed compressor. 

The rotor-relative time-averaged picture of the measured turbulence 
In the directions corresponding to the fringe angle orientations ( 1 . e . , 
±20° from the measured time-averaged absolute flow angle) are shown In 
Figures 5.8 and 5.9 along the 10 and 50 percent stream surfaces, 
respectively. From Figures 5.8 and 5.9, It Is also apparent that 
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Figure 5.5 Rotor-relative time-averaged absolute velocities 
along the 10 percent stream surface 
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Figure 5.5 Continued 
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Rotor-relative time-averaged absolute velocities 
along the 50 percent stream surface 
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Figure 5.8 Measured components of the rotor-relative 

time-averaged turbulence along the 10 percent stream 
surface 
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Figure 5.8 - Continued 
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Figure 5.9 Measured components of the rotor-relative 

time-averaged turbulence along the 50 percent stream 
surface 
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turbulence Increases In the rotor wake. It Is obvious, therefore, that 
the stator Is subject to both periodic fluctuations In absolute velocity 
and turbulence as the rotor wakes pass through the downstream stator row. 
Due to the vortex street character of the rotor wake, the magnitudes of 
turbulence within the rotor wake are higher than might be expected. 

3. Time resolved description of the measured flow field 

As previously mentioned, the dominant blade-row Interactions present 
In the current research fan are due to viscous Interactions caused by the 
chopping of rotor wakes by the downstream stator blade row. Figures 5.10 
and 5.11 show, along the 10 and 50 percent stream surfaces respectively, a 
sequence of "snapshots" In time ( 1 . e . , rotor/stator orientations or rotor 
shaft positions) of the measured flow field as the rotor wakes are chopped 
and subsequently transported through the stator blade row. The shaded 
regions overlayed on the contour maps of turbulence are provided to 
Indicate rotor wake fluid (see Appendix 0). An Indication of the decay of 
the rotor wakes can be Inferred from the contours of the lower bound of 
turbulence. Similar contour maps depicting the movement of wakes through 
adjacent blade rows have been reported by Dunker [42]; Dunker et al. [89] 
for a compressor blade row, and Binder et al. [43]; Binder [44]; Binder et 
al. [45] for a turbine blade row. 

From Figures 5.10 and 5.11 we can see that after the stator blade 

chops the rotor wake, the upper and lower stator-passage wake segments 

) 

begin to drift apart as they convect through the stator blade row. Thus, 
by the time the rotor wake segments reach the stator exit there Is an 
appreciable mismatch between the rotor wake segments, which were 
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Figure 5.10 Contour maps depicting the time-resolved transport 
and dissipation of rotor wakes through the stator 
row along the 10 percent stream surface 
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originally part of the same rotor wake. Using linear small-disturbance 
theory. Smith [65] showed that for thin airfoils with relatively little 
turning the drift distance can be related to the airfoil circulation, r. 


The drift distance, as, Is measured along the stator trailing edge 
streamline. Table 5.2 shows a comparison between the calculated and 
measured drift distances along the 10 and 50 percent stream surfaces, 
which have been normalized by the stator axial chord. The measured 
nondlmenslonal drift distance was determined from Figures 5.10 and 5.11 
based on the relative rotor/stator orientation corresponding to SP = 10 
(20 percent rotor pitch). Joslyn et al. [64] used an Invlscld analysis to 
successfully predict the motion of a narrow smoke stream (l.e., an 
Invlscld zero-velocity-deficit "wake") through a downstream rotating blade 
row by tracing Isochronous lines measured relative to the Initial upstream 
generated smoke stream. For a cusped leading edge airfoil, their approach 
reduces to that of Smith [65]. 


and the average of the Inlet and exit velocities, V , according to the 

H 

following equation. 



(5.1) 


where 




It Is also evident from Figure 5.10 and 5.11 that the rotor wakes 
tend to pile up at the stator exit, and that there Is some spreading of 
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Table 5.2 Comparison between calculated and measured rotor wake segment 
nondimenslonal drift distance 




Percent Stream 

surface 

Parameter 

Symbol 

10 

50 

Stator axial chord 

C 

5.6 cm 

5.6 cm 

Stator Inlet 




Radius 

R I 

23.2 cm 

18.5 cm 

Tangential velocity 

\ 

135 m/s 

1 50 m/s 

Total velocity 

Vi 

230 m/s 

235 m/s 

Stator exit 




Radius 

Re 

23.23 cm 

18.68 cm 

Tangential velocity 


0 m/s 

0 m/s 

Total velocity 

v E 

200 m/s 

185 m/s 

Drift distance 




Measured 


41 .6 percent C 

34.6 percent C 

Calculated 


44.7 percent C 

38.4 percent C 
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the rotor wake width, although very slight. The piling up of the rotor 
wakes at the stator exit Is a result of the static pressure field which 
retards the absolute velocity, and thus slows down the transport of the 
rotor wakes through the stator row. Therefore, In light of the above 
observations, It seems apparent that the kinematics of the transport of 
rotor wakes through the downstream stator blade row Is largely controlled 
by the time-averaged potential flow field. Of course, for this stage, the 
rotor wake has already substantially decayed prior to entering the stator 
blade row. In a more closely coupled stage most of the rotor wake mixing 
would occur while the rotor wake was within the stator row. In addition, 
Interactions between the respective potential flow fields would be 
present. Therefore, the above picture of the time-resolved flow field 
could be quite different In a more realistically coupled turbomachine, In 
which case a simple Invlscld analysis may not be adequate to predict the 
rotor wake motion through the stator blade row. 

A generally accepted theory, first proposed by Meyer [52], Is that 
the rotor wake behaves like a negative jet. Therefore, when the wake 
(negative jet) Is cut by the stator row the width of the wake will tend to 
diminish on the suction surface, and Increase on the pressure surface. 
Several Investigators have since shown experimental evidence In support of 
this theory [10,28,31,46]. Most notable was an experimental Investigation 
by Kerrebrock and Mlkolaczyck [10] which Indicated that the higher energy 
fluid of the rotor wake Impinged and collected on the stator pressure 
surface, as evidenced by a measured Increase In the stagnation temperature 
on the pressure side of the stator wake. However, there Is no apparent 
evidence In Figure 5.10 or 5.11 of the rotor wake width either diminishing 
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on the stator suction surface, or Increasing on the pressure surface. 

Most likely, the manner In which the data was collected and presented, and 
the spatial resolution of the data have obscured this effect since, for 
this loosely coupled stage. It Is probably quite small. However, It Is 
apparent from Figures 5.10 and 5.11 that the rotor wakes are moving towards 
the pressure surface, and away from the suction surface, as expected. 

Depending on where the rotor wakes are relative to the stator, the 
rotor wakes may be affected differently due to the Influence of the stator 
flow field. Figures 5.12 and 5.13 show the character of the rotor wake, 
as measured at different points within the stator passage, along the 10 
and 50 percent stream surfaces, respectively. Each picture Is In the 
stator frame of reference, and Is measured at a particular radial, axial, 
and tangential position. Therefore, the abscissa Is a function of 
rotor/stator relative position (l.e., stator-relative time measured In 
rotor shaft positions). At a constant axial and radial position the rotor 
wake velocity deficit Increases and decreases depending on the stator 
pltchwlse location, therefore. It Is obvious from Figures 5.12 and 5.13 
that the stator flow field has a significant Influence on the rotor wake. 
Similar behavior was found for the turbulence variation across the rotor 
wake, as shown In Figures 5.12(C), 5.12(D), 5.13(C), and 5.13(D). The 
stators Influence on the rotor wake velocity deficit and turbulence will 
be discussed further, In the following sections, with respect to the 
velocity correlations (see Eq. (4.11)) Identified from the development of 
the average passage equation system. 

Similar blade-row Interaction effects have been observed by Matsuuchl 
and Adachl [31] who measured the flow field Inside a rotor passage of an 
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Figure 5.12 


Time-resolved character of rotor wake along the 
10 percent stream surface 
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Time-resolved absolute tangential velocity 
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Figure 5.12 Continued 


Time-resolved turbulence/ 
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Time-resolved turbulence 
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(d) Second measured component of turbulence. 
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Figure 5.13 Time-resolved character of rotor wake along the 
50 percent stream surface 
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Time-resolved turbulence 
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Time-resolved turbulence 
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axial flow fan using a rotating hot-wire anemometer. They observed that 
the wakes from the upstream Inlet guide vanes became deeper and sometimes 
wider as the hot-wire was circumferentially traversed closer to the rotor 
pressure surface. They attributed this behavior to the jet like character 
of the Inlet guide vane wakes sucking fluid from the suction surface and 
Impinging on the pressure surface. 

B. Unsteady-Velocity Correlations 

The average passage equation system was developed In order to provide 
an Improved mathematical model for simulating the three-dimensional flow 
field In multistage turbomachines which would be consistent with current 
turbomachine design systems. As a result, the average passage equation 
system depicts a steady-state flow field In which, with respect to a given 
blade row, the flow Is spatially periodic from passage to passage. In 
addition, the average passage equation system Includes spatial derivatives 
of the aperiodic-, unsteady-deterministic-, and random-velocity 
correlations which were Identified by Adamczyk as the major contributors 
to the generation of nonaxl symmetric flows In multistage turbomachines. 

In order to solve the average passage system of equations It Is necessary 
to develop models to predict the behavior of these velocity correlations, 
and In order that modeling efforts are focused on the most significant 
terms, the relative Importance of each of these velocity correlations 
should be assessed. The magnitudes and distributions of the unsteady- 
deterministic- and random- velocity correlations which were determined from 
LFA measurements of the unsteady velocity field within the stator row of 
the research compressor are presented In this section. All velocity 
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correlations presented herein are Independent of time. The total- 
deterministic- and turbulent-velocity correlations are functions of R,Z,e, 
while the Incident-velocity correlations are functions of R,Z only. 

1. Deterministic-velocity correlations 

Figures 5.14 and 5.15 show contour maps of the axial, tangential, and 
cross components of the total-determlnlstlc-veloclty correlations (TDVC, 
see Eq. 4.14) along the 10 and 50 percent axlsymmetrlc stream surfaces, 
respectively. As expected, see Figure 5.15(A) for example, the axial 
component of the TDVC decreases rapidly downstream of the rotor trailing 
edge as a result of the rapid decay of the rotor wake. However, Instead 
of continuing to decrease, the axial component of the TDVC appears to 
Increase again locally, near the stator leading edge region at about mid 
passage. This same behavior also occurs for the tangential and cross 
components of the TDVC, except less pronounced, and also along the 
10 percent stream surface, see Figures 5.14 and 5.15. 

Circumferential (blade-to-blade) line plots of the axial, tangential, 

and cross components of the TDVC at various axial survey stations are shown 

In Figures 5.16 and 5.17 for the 10 and 50 percent axlsymmetrlc stream 

surfaces, respectively. These line plots provide a more quantitative 

Indication of the Increase In the TDVC which occurs near the stator 

leading edge. The axlsymmetrlc free stream velocity (V = 235 m/s) 

upstream of the stator potential field Is used to assess the relative 

Intensity of the total deterministic-velocity fluctuations. Referring to 

2 2 

Figure 5.17, the axial component of the TDVC decreases from about 190 m /s 

2 2 2 
(6 percent V fS ) at -70 percent stator chord to about 80 m /s 
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total-determlnlstlc-veloclty correlations along 
the 10 percent stream surface 


Deterministic tangential velocity correlation, V^, m 2 /s 2 


10 X Stream surface 



Percent stator leading edge gap Percent local stator gap 

(b) Tangential component, VqVq- 


20 X Stator chord 
J 

$ 

0 i -r 

a c 

I 3 1 B f 

r _ 50 % Stator chord 

L L 

r* 

L 

I . , » ’ 

15 = 3' 3 s* 


85 % Stator chord 



L_? 3 F,:_jr s . z £ -a a : 

0 20 *10 60 80 100 

Percent local stator gap 



Figure 5.16 Continued 



OJ 


L 


Deterministic cross velocity correlation, V 7 V fl , mvs' 


10% Stream surface 


200 

150 

100 

50 

0 


-104% Stator chord 


G 


| f ^ | 


Axial survey station, 
SEE FIGURE 4.3(A). 


t M * 


-10% Stator chord 


20% Stator chord 






200 

-62% Stator chord 

0% Stator chord 

¥ 

50% Stator chord 

150 

C 

H 

L 

100 

- 


- 

50 



- 

0 


_ (D 

kffl S a ® 0 0 

-® 00000 

a a o 

-50 

I I I l l 

1 1 1 1 1 

l 1 1 I _l 

200 





-29% Stator chord 

10% Stator chord 

85% Stator chord 

150 

E 

I 

N 

100 




50 


- 


0 


-ffl S ® ® 0 m ° (300 

-g, B 000000 00 


I 1 I ! J 

1 1 1 1 1 

1 1 1 1 1 

0 20 40 60 80 100 C 

1 20 40 60 80 100 C 

) 20 40 60 80 IOC 


Percent stator leading edge gap 

Percent local stator gap 

Percent local stator gap 


(c) Cross component, V 2 Vq. 


Figure 5.16 Continued 


Deterministic axial velocity correlation, V 7 V 7 , m 2 /s' 


i 


50% Stream surface 


250 

200 

150 

100 

50 

0 

250 r 
200 
150 - 


-70% Stator chord 


-35% Stator chord 


100 $ $ ^ $ 


* 4 i 


50 - 
0 — 
250 r- 
200 - 
150 - 
100 - 
50 0 


$ $ ifi 

I I 


-18% Stator chord 


Axial survey station, 
see figure 4.3(b) . 


$ $ 



J 


20 40 60 80 100 

Percent stator leading edge gap 


20 


5% Stator chord 


40 


60 


JJ1_ 


80 


Percent local stator gap 


(a) Axial component, V^. 


L 


N 


100 


20% Stator chord 


50% Stator chord 


l ° 


la h i 


100% Stator chord 


l a b l c 


l B ffl _ 


20 40 60 80 

Percent local stator gap 


100 
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2 

(4 percent Vp<~) at -18 percent of stator chord. From -18 percent stator 

chord to the stator exit the axial component of the TDVC continues to 

2 2 2 

decrease to less than 25 m /s (2 percent V fs ) from about 50 percent 

stator chord on, except In a region from about -18 to 10 percent of stator 

chord where the axial component of the TDVC Increases near mid passage to 

2 2 2 

a maximum of about 150 m /s (5 percent V fS ) at 5 percent stator chord. 
Although considerably weaker, similar Increases In the TDVC occur along 
the 10 percent stream surface and for the tangential and cross components 
of the TDVC. 

In Section IV. B. 3 an analogy to gust theory was used to further 
decompose the TDVC. In the following paragraphs this gust analogy will be 
used to help explain the origins of the observed Increase In the TDVC. In 
Equation (4.12), the parameter Is the rotor-relative time-averaged 

absolute velocity (Appendix B) which provides a description of the flow 
field from the perspective of an observer riding on the rotor blades, see 
Figures 5.4 to 5.6. The rotor-relative time-averaged velocity Is used as 
a model of the undisturbed rotor wake which would occur In the absence of 
the stator blade row. The rotor-relative time-averaged velocity Is, of 
course, Independent of stator circumferential position, and only varies In 
time (rotor/stator relative position) and with axial distance. If the 
axlsymmetrlc absolute velocity Is subtracted from the rotor-relative 
time-averaged absolute velocity (Eq. 4.13), the result Is the deterministic 
unsteadiness associated with the undisturbed rotor wake, and In the analogy 
with gust theory represents the Incident gust. 

Figures 5.18 and 5.19 show the axial distributions of the axial, 
tangential, and cross components of both the TDVC and the deterministic 
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velocity correlations of the Incident gust (IOVC, see Eq. (4.14)) along the 
10 and 50 percent axlsymmetrlc stream surfaces, respectively. The TDVC 
and IDVC are about the same magnitude, which Indicates that the effects of 
blade row Interactions must be small. The greatest variation between the 
TDVC and IDVC occurs within the stator row, see Figure 5.19(A) for example, 
but by this time the rotor wake has substantially decayed. A model which 
would predict the Incident rotor wake decay could, therefore, be used to 
estimate the TDVC, at least for the wide axial spacing between blade rows 
In the present research compressor. 

Also shown In Figures 5.18 and 5.19 are abrupt Increases In the TDVC 
and IDVC which occur at the Interface between the Interblade- and 
Intrablade-row surveys (which also coincides with the start of the stator 
potential field, see Figs. 5.1 and 5.2). It Is unclear whether these 
abrupt Increases In the TDVC and IOVC are real or due to a mismatch between 
the Interblade- and Intrablade-row surveys. A comparison between the 
Interblade- and Intrablade-row measurements of the TDVC and IDVC at 0 and 
10 percent stator axial chord was Inconclusive as the Interblade- row survey 
at those axial locations could not be completed. During the Interblade-row 
survey, the rotor window frame blocked the collection of data near the 
stator suction surface and significantly Increased the data acquisition 
times for the remainder of the survey points at 0 and 10 percent stator 
axial chord, which affected the quality of the measurements. 

Again referring to Equation (4.12), the parameter represents 

the deterministic unsteadiness resulting from blade-row Interactions. In 
other words, ^ represents the departure from ^ which results from 
the Influence of the stator blade row, and will be subsequently referred 
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to as the scattered velocity. The total deterministic velocity 
unsteadiness Is the sum of the unsteadiness associated with the Incident 
and scattered velocities. 

Figures 5.20 and 5.21 show contour maps of the axial, tangential, and 
cross components of the scattered deterministic velocity correlations 
(SOVC, see Eq. (4.14)) along the 10 and 50 percent axl symmetric stream 
surfaces, respectively. Referring to Figure 5.21(A), the axial component 
of the SOVC Is predominately zero throughout the stator flow field, except 
near the stator surfaces. Immediately downstream of the rotor trailing 
edge, and near the stator leading edge at about mid passage (l.e., where 
the axial component of the TOVC was also high). Similar behavior Is 
observed for the tangential and cross components of the SDVC, along the 
10 percent stream surface. The contour maps of Figures 5.20 and 5.21 
Illustrate the effects of blade row Interactions which are a result of the 
stators response to the Incident rotor wake. 

Figure 5.21(A) also showed an Increase In the axial component of the 
SDVC near the stator leading edge suction surface which was not apparent 
In the corresponding contour map of the axial component of the TDVC 
(Figure 5.15(A)). In fact, the axial component of the TDVC Is decreasing 
towards zero at the stator leading edge suction surface, which Is In 
direct contrast to the Increase In the axial component of the SDVC at the 
same location. Referring to Equation (4.14), there Is an additional 
component of the TDVC to be considered, which Is associated with 
correlations between the the Incident and scattered deterministic velocity 
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Figures 5.22 and 5.23 show contour maps of the axial, tangential, and 
cross components of the correlations between the Incident and scattered 
unsteadiness, (ISVC, see Eq. (4.14)) along the 10 and 50 percent 
axlsymmetrlc stream surfaces, respectively. Referring to Figure 5.23, the 
axial component of the ISVC Is Increasing towards greater positive values 
near the stator leading edge mid passage region, where the TOVC and SDVC 
are also Increasing. However, near the stator leading edge suction 
surface the ISVC Is decreasing towards greater negative values where the 
SDVC Is Increasing to greater positive values and the TDVC Is zero. Thus, 
It Is apparent that the deterministic velocity fluctuations associated 
with the Incident gust are out of phase with the scattered velocity 
fluctuations resulting from the stators response to the Incident gust. 

When the Incident and scattered unsteadiness are out of phase they can 
effectively cancel the TDVC. 

The physics behind this Island of Increased unsteadiness Is still 
unclear. Perhaps, the straining of the rotor wakes as they enter the 
stator potential field results In the stretching of the vortlcles within 
the rotor wake, which results In a greater wake deficit. This seems 
unlikely, however, as there Is no evidence of straining of the rotor wakes 
near the region where the TDVC Increases, see Figures 5.10 and 5.11. Of 
course, the wake In actuality Is three-dimensional, therefore. It Is 
possible that the rotor wake Is being strained In the radial-tangential or 
radial-axial plane. 

A second possible scenario which deserves further Investigation, and 
which may explain the Island of Increased deterministic unsteadiness, Is 
that the fluctuations toward more positive Incident angles which occur 
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during the passage of the rotor wakes causes an Intermittent separation of 
the stator suction surface boundary layer or perhaps a shedding of a vortex 
from the stator leading edge, which Is then convected towards the adjacent 
stator-blade pressure surface as a result of the wake slip velocity. 
Previous experimental Investigations [90-94] of Isolated airfoils In 
oscillating flows have demonstrated the existence of significant secondary 
vortical structures which appear near the airfoil leading edges at higher 
angles of Incidence. I would expect, however, that this effect would 
result In a "tongue" of Increased deterministic unsteadiness originating 
from the stator leading edge and extending outward. In the streamwlse 
direction, toward the adjacent stator-blade pressure surface. Perhaps 
though, another as yet unexplained competing effect suppresses or cancels 
any Increases In the deterministic unsteadiness nearer to the stator 
leading edge, which results In the measured Island of Increased 
deterministic unsteadiness out away from the stator leading edge. 

A third scenario which may explain the Island of Increased 
deterministic unsteadiness Is related to Binder's et al. [45] hypothesis 
to explain the measured Increase In turbulence that he observed near the 
leading edge region of a turbine rotor blade, which was Interacting with 
wakes generated from an upstream stator row. Binder concluded that stator 
secondary vortex cutting by the downstream rotor blades results In a 
breakdown In the secondary vortex and a subsequent Increase In the 
turbulence. It seems likely that whatever phenomenon Is occurring to 
cause the Island of Increased deterministic unsteadiness observed In the 
stator row of the present research compressor Is also responsible for the 
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Increased turbulence observed near the leading edge of Binder's turbine 
rotor. However, just how a secondary vortex breakdown can result In an 
Increase In deterministic unsteadiness, which Implies an Increase In the 
rotor wake velocity deficit. Is not yet clear. Although Interactions with 
the secondary vortex generated from the upstream blade row may be 
responsible for the observed Increases In unsteadiness In both the present 
research compressor and Binder's turbine, something more than a breakdown 
of the secondary vortex must be occurring to cause an Increase In the 
deterministic unsteadiness observed In the present research compressor. 
However, Binder's hypothesis certainly deserves further scrutiny. 

A final proposed explanation for the Increase In the TOVC Is that as 
the rotor wake Impinges on the stator surface a potential or acoustic 
perturbation emanates from the stator surface, as a result of the stators 
response to the Incident rotor wake, and acts to destroy or Induce a 
vortical flow near the region where the TDVC Is high. For the present 
research compressor It may not be possible to fully explain the physics 
behind the Increase In the TOVC, as the Interactions are quite small due 
to the wide axial spacing between the rotor and stator rows. Further 
planned experiments In a more closely coupled stage may help to better 
explain this phenomenon. 

2. Turbulent-velocity correlations 

Figures 5.24 and 5.25 show circumferential (blade-to-blade) 
distributions of the measured components of the turbulent-velocity 
correlations at various axial survey stations along the 10 and 50 percent 
axlsymmetrlc stream surfaces, respectively. Since the fringe angle 
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orientation varies with the direction of the axlsymmetrlc total-absolute 
velocity, which varies with axial position, the components of the 
turbulent- velocity correlations which are measured In the direction of 
the fringe angle orientations may also vary, due to the varying fringe 
angle orientations. Therefore, caution should be exercised when 
attempting to draw conclusions from apparent axial gradients In the 
measured turbulent-velocity correlations. However, no such caution Is 
required In drawing conclusions from the blade-to- blade gradients of the 
measured turbulent-velocity correlations as the fringe angle orientation 
along which the turbulent-velocity correlations are measured Is Invariant 
with circumferential ( blade-to-blade) position. The fringe angle 
orientations of the first and second measured components, and a ? , 
respectively, are shown In Figure 12.1 of Appendix C. 

Referring to Figure 5.25(A), the first measured component of the 

turbulent-velocity correlation Is approximately constant at a level of 
2 2 2 

about 190 m /s (8 percent V fS ) from -70 to -18 percent stator chord. 

The Intensities of the turbulent-velocity correlations are quoted as 
percentages of the axlsymmetrlc free-stream absolute velocity upstream of 
the stator potential field (V^ = 235 m/s), as was done for the 
deterministic-velocity correlations. At about -18 percent stator chord 

the first measured component of the turbulent-velocity correlation begins 

2 2 

to Increase, near midpassage, to a maximum of about 350 m /s 

2 2 2 
(15 percent V fS ) at -5 percent stator chord, and remains above 300 m /s 

2 

(13 percent V fS ) , near midpassage, until about 20 percent stator chord, 
beyond which Its magnitude becomes obscured by the stator suction surface 
boundary layer. 
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Binder et al. [43]; Binder [44]; Binder et al. [45] observed a similar 
Increase In turbulence within the stator wake of a single stage turbine as 
It was transported through the downstream rotor row. Binder found that 
the turbulence within the stator wake Increased near the rotor leading 
edge and attributed the Increased turbulence to cutting of secondary 
vortlcles by the rotor which caused the vortlcles to breakdown, thus 
generating higher turbulence levels. Although this seems plausible as an 
explanation for the turbulence Increases found by Binder, It does not seem 
to suffice as an explanation of the observed Increases' In both the 
deterministic- and turbulent-velocity fluctuations observed In the present 
research compressor. A breakdown of the secondary vortex would Imply 
Increased mixing out of the rotor wake velocity deficit, which Is contrary 
to the Increases In the rotor wake velocity deficit shown In Figures 5.12 
and 5.13. 

It Is Interesting to note that there are two blade-to-blade regions 

at which the first component of the measured turbulent-velocity correlation 

2 2 2 

Increases, that both regions peak at about 300 m /s (13 percent Vp,.) , 
and that both regions appear to move towards the stator suction surface 
with Increasing axial distance. In reality the two regions of Increasing 
turbulent-velocity correlation are circumferentially constant, and the 
changing stator camber causes the stator suction surface to move 
circumferentially towards the region of Increased turbulent- velocity 
correlation. Eventually, both regions of Increased turbulent-velocity 
correlation appear to mix out across the stator passage, except In the 
stator wake where the magnitude of the turbulent-velocity correlation 
remains high. Similar behavior occurs for both components of the 
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turbulent-velocity correlation at both 10 and 50 percent span. Figures 
5.12(c), 5.12(d), 5.13(c), and 5.13(d) Indicate that the turbulent 
velocity fluctuations within the wake remain approximately constant 
blade-to-blade, while the turbulent velocity fluctuations within the free 
stream Increase and decrease blade to blade. Therefore, the blade-to- 
blade Increase In the turbulent-velocity correlation occurs because of an 
Increase In the free-stream turbulence, and Is not due to an Increase In 
the wake turbulence. 

3. Comparison between deterministic - and turbulent-velocity correlation s 
Figures 5.26 and 5.27 show a comparison between the axial 
distributions of the axial and tangential components of the total- 
deterministic- and turbulent- velocity correlations along the 10 and 
50 percent axlsymmetrlc stream surfaces, respectively. The axial and 
tangential components of the turbulent-velocity correlations are 
represented as the minimum and maximum bounds that the values of the 
turbulent-velocity correlations can attain, as the actual values could not 
be determined from the measured data, see Appendix C. The axial and 
tangential components of the total-deterministic- velocity correlations 
are denoted by symbols, and Include uncertainty Intervals which denote the 
95 percent confidence level. The main conclusion which can be drawn from 
this plot Is that the turbulent- velocity correlations are significantly 
greater than the total-determlnlstlc-veloclty correlations. Only near the 
rotor trailing edge and In some Instances near the stator leading edge are 
the total-determlnlstlc-veloclty correlations of the same order of 
magnitude as the turbulent- velocity correlations, lherefore, through flow 
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mixing appears to be largely controlled by the turbulence and not the 
deterministic unsteadiness, at least for the presently considered research 
fan. As previously mentioned, however, the turbulence as defined herein 
Includes any unsteadiness not correlated with the blade passing frequency, 
which In the case of this research fan Includes the unsteadiness due to 
vortex shedding from the rotor trailing edge. As a result, the large 
values of the turbulent-velocl ty correlations are to a great extent due to 
the Increased turbulence within the rotor wake resulting from the vortex 
shedding. Since this Increased turbulence Is "frozen" with the rotor wake 
It may also be possible to use a gust analogy to help model the turbulent- 
velocity correlation, as was suggested for the total-determlnlstlc-veloclty 
correlation. 
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VI. SUMMARY AND CONCLUSIONS 

The time-resolved unsteady velocity field along two stream surfaces 
In the stator row of a single-stage transonic axial-flow fan was mapped 
using a laser anemometer. The measured velocities were used to determine 
the magnitudes and distributions of the deterministic- and turbulent- 
velocity correlations Identified from the average-passage equation system. 
Since the present research compressor was designed for minimal acoustical 
Interactions, the rotor/stator axial spacing (0.85 percent of rotor chord) 
Is much greater than usual In a typical compressor. As a result, the rotor 
wakes are considerably diminished by the time they reach the stator Inlet, 
reducing the possibility of significant blade row Interactions. However, 
the advantage of the wide axial spacing between the rotor and stator rows 
Is that It allows for Investigation of the rotor wake generated 
Interactions, Independently of potential flow Interactions. Based on the 
measured data, the following conclusions can be made. 

1. Rotor wakes retain their Identity as they are chopped and 
subsequently transported through the stator row. 

2. The kinematics of the transport of rotor wakes through the 
downstream stator row Is largely controlled by the time-averaged potential 
flow field. 

3. Simple linear disturbance theory Is adequate for predicting the 
drift distance between wake segments convectlng along the stator pressure 
and suction surfaces. 

4. Due to the diffusing nature of the stator row the wakes tend to 


pile up at the stator exit. 
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5. Spreading of the rotor wake segments appears to be minimal. 

6. Blade row Interactions can result In the amplification or 
attenuation of both the deterministic and turbulent unsteadiness. 

7. Regions of amplified unsteadiness may occur In Isolated regions 
away from the stator surfaces. 

8. If the scattered unsteadiness Is out of phase with the Incident 
unsteadiness, the total-deterministic unsteadiness may be negligible In 
areas where the scattered and Incident unsteadiness are significant. 

9. An analogy to gust theory appears to provide a useful means for 
analyzing the behavior of rotor-wake-generated unsteadiness and should aid 
the modeling of the deterministic unsteadiness. 

10. As a result of the "frozen" character of the turbulence within 
the rotor wakes. It may be possible to use a similar gust analogy for 
helping to model the turbulent unsteadiness. 

11. The turbulent-velocity correlations are significantly greater 
than the total-deterministic- velocity correlations, which Indicates that 
through-flow mixing Is largely controlled by the turbulence and not the 
deterministic unsteadiness (at least for the presently considered research 
fan) . 

Presently, no satisfactory explanation of the presence of the 
Increased deterministic and turbulent unsteadiness near the stator 
leading-edge plane Is apparent. In a more closely coupled stage where the 
blade row Interactions are expected to be much greater, this region of 
Increased unsteadiness could be detrimental to the performance of the 
stator (e.g., Induce separation of the boundary layer) particularly If the 
Increased unsteadiness Is nearer the stator suction surface. Of 
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course, depending on the state of the boundary layer. It Is also possible 
that this region of Increased unsteadiness could be beneficial to the 
performance of the stator. It Is Important, therefore, that further 
Investigation of this region of Increased unsteadiness be continued. 

An animated movie of the transport of the rotor wakes though the 
downstream stator row was produced from the LFA measurements. A 
representative sample of figures Illustrating the rotor wake transport 
through the stator row for six of the 50 rotor shaft positions for which 
measurements were acquired was shown In Figures 5.10 and 5.11. The power 
of movie animation In revealing details of the rotor wake transport which 
was not evident from viewing still figures (e.g.. Figs. 5.10 and 5.11), 
was found to be Invaluable. The movie animation revealed a dramatic 
distortion of the rotor wake occurring near the stator leading edge as It 
Is chopped by the stator. This rotor wake distortion was not obvious from 
examination of the still figures. 
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VII. RECOMMENDATIONS FOR FURTHER RESEARCH 

The next phase of research will be to determine the magnitudes and 
distributions of the unsteady-deterministic- and turbulent-velocity 
correlations In a more closely coupled stage, wherein the rotor trailing 
edge Interacts strongly with the stator potential field. In a closer 
coupled stage the blade row Interaction effects Will be stronger and rapid 
mixing of the rotor wake will occur within the stator passage. A 
comparison between the unsteady- velocity correlation presented In this 
dissertation with the unsteady- velocity correlations of a more 
realistically coupled stage may provide some Insight Into how blade row 
spacing affects performance. Following the mapping of the close coupled 
stage will be an experimental program to determine the unsteady- velocity 
correlations within a transonic compressor which has an Inlet guide vane 
row. The entire rotor and stator flow field will be mapped In order to 
resolve the effects of the Inlet guide vane wakes and the downstream 
stator row on the rotor flow field, especially the effects on the rotor 
shock system. Another planned experimental effort Is the mapping of an 
embedded stage of a multistage compressor to assess the Importance of the 
aperiodic-velocity correlation, as well as the unsteady-deterministic- and 
turbulent-velocity correlations. 

Other recommended experimental research programs are, determining the 
magnitudes and distributions of these unsteady-velocity correlations In 
the vaned diffuser of a centrifugal compressor, and In a large scale 
low-speed compressor or turbine where the boundary layers are thick enough 
to allow measurements within. The spatial gradients of the unsteady 
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velocity correlations appear In the average passage equation system, and 
since there are large velocity gradients across boundary layers It Is 
reasonable to expect that the effects of the unsteady-velocity 
correlations might also be large within the boundary layers. 

In conjunction with the experimental research programs should be an 
on-going effort to develop Instrumentation which will allow the 
determination of all components of the total apparent-stress tensor 
(Eq. (4.10)) of the average passage equation system. This would require 
the simultaneous time-resolved measurements of the axial, tangential, and 
radial components of the Instantaneous total-absolute velocity, as well as 
measurement of the time-resolved density. A laser anemometer or hot wire 
capable of simultaneous measurement of at least two components of velocity 
Is a necessity for measuring two-dimensional turbulence (see Appendix C). 
To measure three-dimensional turbulence a three component laser anemometer 
or hot wire Is required. 

Also In conjunction with the experimental research programs should be 
an effort at modeling the various components of the total apparent-stress 
tensor. As models are developed, the average passage equation system 
could be used for a parametric study of the effects of the aperiodic-, 
unsteady-deterministic- and turbulent-stress components of the total 
apparent-stress tensor on the performance of the turbomachines. The 
results of a comprehensive experimental, modeling, and computational 
research program should lead to a better understanding of the role of 
unsteady flows on turbomachinery performance. 
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X. APPENDIX A: NASA DESIGN CODE RESULTS 

The output from the NASA design code [73] used to design the present 
research compressor Is presented In the following tables. Table 10.1 
lists all Input parameters and user defined correlations. In tabular form, 
required for the design code analysis. Table 10.2 lists the aerodynamic 
output (e.g., velocity triangle Information, blade element performance) 
for eleven streamlines at each axial computational station. The NASA 
design code gives the streamline radial positions as a percentage of the 
flow path span measured from the hub end wall. Table 10.3 lists the stage 
and overall mass-averaged aerodynamic performance parameters. Tables 10.4 
and 10.5 list the manufacturing coordinates at 15 spanwlse locations for 
the rotor blade and 11 spanwlse locations for the stator blade. 

Figure 10.1 shows the coordinate system and nomenclature used for the 
manufacturing coordinates of the rotor and stator blade sections. 


Table 10.1 


Design code input parameters 


*** INPUT DATA FOR COMPRESSOR DESIGN PROGAM *** 


SCALE FACTOR IS 1.0000 

THE COMPRESSOR ROTATIONAL SPEED IS 16042.8 RPM. 
THE DESIRED COMPRESSOR PRESSURE RATIO IS 1.590 . 
CALCULATIONS WILL BE PERFORMED ON 11 STREAMLINES. 


THE INLET FLOW RATE IS 73.300 (LB/SEC). 
THE MOLECULAR WEIGHT IS 28.97 . 

THE COMPRESSOR HAS 2 BLADE ROWS. 


CALCULATIONS WILL BE MADE AT THE BLADE EDGES AND AT 16 ANNULAR STATIONS. 


THE SPECIFIC HEAT POLYNOMIAL IS IN THE FOLLOWING FORM 


CP = 0.23747E 00 

♦ 0 .21962E-04*T 

♦ -0 .87791E-Q7*T**2 

♦ 0 . 13991E-0 9*T**3 ♦ -0 . 78056E~13*T**4 ♦ 

0 . 15043E-16*T**5 



INPUT DISTRIBUTIONS 

BY STREAMLINE OR STREAMTUBE 




INLET TOTAL 

INLET TOTAL 

INLET WHIRL 

STREAMTUBE 

STREAMTUBE 

STREAMLINE 

TEMPERATURE 

PRESSURE 

VELOCITY 

NO. 

FLOW FRACTION 

NO. 

( DEGi R.) 

(PSIA) 

( FT/SEC) 



1 

518.700 

14.125 

0.000 

1 

0.1000 

2 

518.700 

14.670 

0 .000 

2 

0 .20 0 0 

3 

518.700 

14.700 

0 .000 

3 

0 . 30C0 

4 

518.700 

14.700 

0.000 

4 

0.4000 

5 

518.700 

14.700 

0 .000 

5 

0 .5000 

6 

518.700 

14.700 

0.000 

6 

0 .6 00 0 

7 

518.700 

14.700 

0.000 

7 

0.7000 

8 

518.700 

14.700 

0.000 

8 

0.8000 

9 

518.700 

14.700 

0.000 

9 

0.9000 

10 

518.700 

14.700 

0 .000 

10 

1.0000 

11 

518.700 

14.660 

0.000 
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Table 10.1 Continued 


INPUT DATA POINTS FOR TIP AND HUB CONTOURS 


TIP AXIAL 

TIP 

HUB AXIAL 


HUB 

IOORDINATE 

RADIUS 

COORDINATE 


RADIUS 

(INCHES) 

(INCHES) 

(INCHES) 


(INCHES) 

-14.000 

10.100 

-14.000 


3.750 

-6 .000 

10.100 

-12.790 


3 .750 

-1.110 

10.100 

-12.800 


3.750 

-1.100 

10.100 

-11.300 


3.725 

-0.200 

10.080 

-9.900 


3.675 

0.527 

10.000 

-7.800 


3.600 

1.100 

9.870 

-5.700 


3.525 

2.700 

9.650 

-4.800 


3.500 

4.000 

9.600 

-4.790 


3.500 

4.010 

9.600 

-2.000 


3.580 

7 .300 

9.600 

-1.250 


3.690 

7 .310 

9.600 

0.000 


4 .000 

8 .400 

9.600 

1 .000 


4.320 

9.150 

9.600 

2 .500 


4.630 

9. 900 

9.600 

3.700 


4 .750 

10.600 

9.600 

5.300 


4 . 940 

10.610 

9.600 

6.700 


5.120 

14.000 

9.600 

6.830 


5.124 

16.450 

9.600 

7.600 


5 . 140 

16.459 

9.600 

8.700 


5.140 

17 . 0G0 

9.600 

9.500 


5 . 140 

18 . 0C0 

9.600 

9 . 900 


5 . 140 

18 . 633 

9.623 

10.700 


5 .140 

20 . 0C0 

10.149 

11.300 


5.140 

22.000 

11.605 

13.590 


5 .140 



13.600 


5.140 



15.700 


5 .140 



15.709 


5.140 



17.000 


5.140 



18 .000 


5.140 



18.683 


5 . 14U 



20.000 


5.140 



22.000 


5.140 


WARNING 

ONLY , 

AT 

INPUT 

POINT, 

6, 

THE 

TIP 

CONTOUR 

DATA 

IS 

NOT 

VERY 

SMOOTH 

WARNING 

ONLY , 

AT 

INPUT 

POINT, 

23, 

THE 

TIP 

CONTOUR 

DATA 

IS 

NOT 

VERY 

SMOOTH 
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Table 10.1 Continued 


THE INPUT PROFILE LOSS TABLES - OMEGA(BAR)*COS(BETA)/(2 . 0*SIGMA) 


** PROFILE LOSS TABLE NO. 1 ** 


PCT . PASS. 

D-FACTOR 

LOSS PARAM. 

D-FACTOR 

LOSS PARAM. 

D-FACTOR 

LOSS PARAM. 

D-FACTOR 

LOSS PARAM. 

D-FACTOR 

LOSS PARAM 

0.00 

0 . 3000 

0.0139 

0.4000 

0 .0166 

0.5000 

0 . 0203 

0.6000 

0.0260 

0.7000 

0 .0338 

10.00 

0.3000 

0.0112 

0.4000 

0.0130 

0.5000 

0.0160 

0.6000 

0.0202 

0.7000 

0.0263 

20.00 

0.3000 

0.0100 

0.4000 

0.0113 

0.5000 

0.0132 

0.6000 

0.0163 

0.7000 

0.0210 

30.00 

0 . 3000 

0 .0080 

0.4000 

0 .0089 

0.5000 

0.0103 

0.6000 

0 .0130 

0.7000 

0.0165 

40.00 

0.3000 

0.0080 

0.4000 

0 .0089 

0.5000 

0.0103 

0.6000 

0.0130 

0.7000 

0.0165 

50.00 

0.3000 

0 .0080 

0.4000 

0 .0089 

0.5000 

0.0103 

0.6000 

0.0130 

0.7000 

0.0165 

60.00 

0 . 3000 

0.0080 

0.4000 

0 .0089 

0.5000 

0.0103 

0.6000 

0 .0130 

0 . 7 0 G 0 

0.0165 

70.00 

0.3000 

0 .0080 

0.4000 

0.0089 

0.5000 

0.0103 

0.6000 

0.0130 

0.7000 

0.0165 

80.00 

0 . 30 0 0 

0 .00 90 

0.4000 

0.0103 

0.5000 

0.0122 

0.6000 

0.0153 

0.7000 

0 . 0200 

90.00 

0.3000 

0.0092 

0.4000 

0.0110 

0.5000 

0.0140 

0.6000 

0.0182 

0.7000 

0 . 0243 

100.00 

0.3000 

0.0104 

0.4000 

0.0127 

0.5000 

0.0168 

0.6000 

0 .0221 

0.7000 

0 .0296 





** PROFILE LOSS TABLE NO. 2 ** 





PCT. PASS. 

D-FACTOR 

LOSS PARAM. 

D-FACTOR 

LOSS PARAM. 

D-FACTOR 

LOSS PARAM. 

D-FACTOR 

LOSS PARAM. 

D-FACTOR 

LOSS PARAM 

0.00 

0.3000 

0.0309 

0.4000 

0.0336 

0.5000 

0.0373 

0.6000 

0 . 0430 

0.7000 

0 .0508 

10.00 

0 .30 0 0 

0.0272 

0.4000 

0 . 0290 

0.5000 

0 . 0320 

0.6000 

0 .036 2 

0 . 7 0 0 0 

0 .0423 

20 .00 

0.3000 

0.0250 

0.4000 

0.0263 

0.5000 

0.0282 

0.6000 

0.0313 

0.7000 

0.0360 

30.00 

0.3000 

0.0230 

0.4000 

0 . 0239 

0.5300 

0 . 0253 

0.6000 

0 .0280 

0.7000 

0.0310 

40.00 

0.3000 

0.0211 

0.4000 

0 . 0220 

0.5000 

0 . 0234 

0.6000 

0.0261 

0.7000 

0 .0296 

50.00 

0 .3000 

0.0212 

0.4000 

0 . 0222 

0.5000 

0 . 0236 

0.6000 

0 .0264 

0.7000 

0.0299 

60.00 

0.3000 

0 . 0214 

0 .4000 

0 . 0226 

0 .50 0 0 

0.0241 

0.6000 

0.0269 

0.7000 

0 .0 306 

70.00 

0 . 30 0 0 

0.0218 

0.4000 

0 .0231 

0.5300 

0 . 0248 

0.6000 

0 . 0278 

0.7000 

0 .0317 

80 .00 

0.3000 

0 . 0233 

0.4000 

0 . 0248 

0.5000 

0.0270 

0.6000 

0 .0 3 0 3 

0.7000 

0.0347 

90.00 

0.3000 

0 . 0272 

0.4000 

0 . 0290 

0.5000 

0 . 0320 

0.6000 

C . 0 36 2 

0.7000 

0 .0423 

100.00 

0.3000 

0.0294 

0.4000 

0 . 0317 

0.5000 

0.0358 

0.6000 

0.0411 

0.7000 

0 .0486 


O “ 
c 
> 


C ri 



POOR 




Table 10.1 Continued 





*** PRINTOUT 

OF INPUT STATION 

DATA *** 






#* INPUT 

SET 

NO. 

1 IS AN ANNULAR 

STATION 

** 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


- 11.0000 


- 11.0000 



0.0000 


0 . 0000 


0.0000 




aa INPUT 

SET 

NO. 

2 IS AN ANNULAR 

STATION 

## 



TIP 

AXIAL LOCATION 
INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


-9.5200 


-9.5200 



0 .0000 


0.0000 


0.0000 




aa INPUT 

SET 

NO. 

3 IS AN ANNULAR 

STATION 

** 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


-a . 9<t 0 0 


-6.5600 



0 .0000 


0 .0000 


0 .0000 




aa INPUT 

SET 

NO. 

<♦ IS AN ANNULAR 

STATION 

## 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


-6.8100 


-<♦.<♦200 



0.0000 


0.0020 


0.0000 




aa INPUT 

SET 

NO. 

5 IS AN ANNULAR 

STATION 

** 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


-3.5000 


-3.5000 


0 .0030 


0 .0030 


0.0000 
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Table 10.1 Continued 





*** PRINTOUT 

OF INPUT STATION 

DATA *** 






** INPUT SET NO. 

6 IS AN ANNULAR 

STATION ** 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION TIP 

(INCHES) 

BLOCKAGE FACTOR 

HUB BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


-2.2000 


-2.2000 

0 .0050 

0.0050 


0.0000 




** INPUT SET NO. 7 

IS AN EXTRA ANNULAR STATION *» 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION TIP 

(INCHES) 

BLOCKAGE FACTOR 

HUB BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


- 1 .824 0 


-1.8240 

0 .0059 

0.0059 


0 .0 0 00 




** INPUT SET NO. 

8 IS AN ANNULAR 

STATION ** 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION TIP 

(INCHES) 

BLOCKAGE FACTOR 

HUB BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


-0 . 9400 


-0 . 9400 

0.0080 

0.0080 


0.0000 


163 


Table 10.1 Continued 


*** PRINTOUT OF INPUT STATION DATA *** 


** INPUT SET NO. 9 IS ROTOR NO. 1 ** 


* FOR THIS BLADE ROW THE INPUT OPTIONS ARE COORD, MERIDL PUNCH * 


TIP C.G. AXIAL LOCATION 
(INCHES) 

0.9410 


HUB C.G. AXIAL LOCATION 
(INCHES) 

0.9410 


INLET TIP BLOCKAGE 

0.0100 


INLET HUB BLOCKAGE 
0.0100 


INLET MASS BLEED 
0 .0000 


LOSS SET USED 
1 


BLADE TILT ANGLE 
(DEGREES) 
0.0000 


OUTLET TIP BLOCKAGE OUTLET HUB BLOCKAGE 


0.0130 


0.0130 


OUTLET MASS BLEED 

0.0000 


TIP D FACTOR LIMIT 
0.4600 


HUB FLOW ANGLE LIMIT 
(DEGREES) 

- 20 .0000 


TIP SOLIDITY 
1.3000 


NUMBER OF BLADES CUM ENERGY ADD FRACT 


22 


1.0000 


* POLYNOMIAL COEFS . FOR RADIAL PROFILES OF A BLADE AERO. PARAMETER AND BASIC BLADE ELEMENT GEOMETRY PARAMETERS * 


CCEF . ROTOR 

OUTLET PRESSURE 

L.E. RADIUS/CHORD 

T.E. RADIUS/CHORD 

MAX. 

THICKNESS/CHORD 

CHORD/TIP CHORD 

CONSTANT 


0.0018 

0.0018 


0 . 0290 



LINEAR 

0.0000 

0.0000 

0.0000 


0 .0 0 00 


0.0000 

CUAIRATIC 

0.0000 

0.0090 

0.0090 


0.1680 


0 .0000 

CUBIC 

0.0000 

-0.0060 

-0 .0060 


-0.1120 


0 .0000 

rJAP.TIC 

0.0000 







VJINTIC 

0.0000 









* INPUT BLADE 

ELEMENT DEFINITION OPTIONS * 




INCIDENCE 

DEVIATION 

TURNING RATE 

TRANSITION MAX. 

THICKNESS 

CHOKE 

BLADE MATERIAL DENSITY 

ANGLE 

ANGLE 

RATIO 

POINT 

POINT 

MARGIN 

LB/ (IN ) **3 

TABLE CS.S.REF. 

. ) TABLE 

TABLE 

TABLE TABLE 

(L.E. REF. 

) 

NONE 

0.00000 


* TABLE OF BLADE SECTION DESIGN VARIABLES INPUT * 

(VARIABLES CONTROLLED BY OTHER OPTIONS WILL APPEAR AS ZEROS IN THE TABLE.) 


STREAMLINE 

NUMBER 


SUCTION SURFACE 

INCIDENCE ANGLE DEVIATION ANGLE INLET/OUTLET TURNING TRANSITION/CHORD 
(DEGREES) (DEGREES) RATE RATIO LOCATION 


MAX. THICKNESS 
LOCATION/CHORD 


1 

0.4500 

8 .0000 

0.0750 

0.7000 

0.6400 

2 

0.5100 

6 .8000 

0 . 1800 

0 .6474 

0.6300 

3 

0.4000 

4.8000 

0.4300 

0.6042 

0.6200 

4 

0.3700 

4.5000 

0.6600 

0.5627 

0.6100 

5 

0 . 350C 

4.6000 

0.7900 

0.5193 

0.6000 

6 

0.2600 

5.7000 

0.8300 

0.4705 

0 . 5800 

7 

0.2000 

6.6300 

0.8600 

0.4180 

0.5600 

8 

0 .1700 

7.5200 

0.9600 

0.3592 

0.5400 

9 

0.0000 

8.6400 

0 . 9800 

0.2862 

0.5000 

10 

0.0000 

10.3900 

1 .0000 

0.2243 

0 .500 0 

11 

0.0000 

12.5200 

1.0000 

0 .1629 

0.5000 


sr-aswa *.v . 


Table 10.1 Continued 


*** PRINTOUT OF INPUT STATION DATA *** 


* FOR 

** INPUT SET NO. 12 IS A GUIDE VANE 
THIS BLADE ROW THE INPUT OPTIONS ARE COORD, MERIDL 

OR STATOR 
PUNCH * 

## 


TIP C.G. AXIAL LOCATION 
(INCHES) 

HUB C.G. AXIAL LOCATION 
(INCHES) 

INLET TIP BLOCKAGE 

INLET 

HUB BLOCKAGE 

INLET MASS BLEED 

5.2000 

5.2000 

0.0170 


0 .0170 

0.0000 

LOSS SET USED 

BLADE TILT ANGLE 
(DEGREES) 

OUTLET TIP BLOCKAGE 

OUTLET 

HUB BLOCKAGE 

OUTLET MASS BLEED 

2 

0.0000 

0.0200 


0 . 0200 

0 .0 00 0 

HUB D FACTOR LIMIT 
0.7000 

INLET HUB MACH LIMIT 
1.0000 

TIP SOLIDITY 
1.2800 

NUMBER OF BLADES 
34 



* POLYNOMIAL COEFS. FOR RADIAL PROFILES OF A BLADE AERO. PARAMETER AND BASIC BLADE ELEMENT GEOMETRY PARAMETERS * 


COEF. 

STATOR OUTLET V(0) 

L.E. RADIUS/CHORD 

T.E. RADIUS/CHORD 

MAX. THICKNESS/CHORD 

CHORD/TIP CHORD 


INV.SQ. 

0.00 






I.iVEP.SE 

0.00 






CONSTANT 

0 .00 

0 .0130 

0.0130 

0 . 0800 



LINEAR 

0 .00 

-0 .0 080 

-0.0080 

-0 . 020 0 

0 .0 0 0 0 

— » 

QUADRATIC 

0.00 

0.0000 

0.0000 

0.0000 

0.0000 


CUBIC 


0 . 0 0 00 

0.0000 

0.0000 

0.0000 

0-1 


* INPUT BLADE ELEMENT DEFINITION OPTIONS * 


INCIDENCE 

DEVIATION 

TURNING RATE 

TRANSITION 

MAX. THICKNESS 

CHOKE 

ANGLE 

ANGLE 

RATIO 

POINT 

POINT 

MARGIN 

TABLE (S.S.REF.) 

TABLE 

TABLE 

S.S. SHOCK 

TABLE (L.E. REF.) 

NONE 



* TABLE OF BLADE SECTION DESIGN 

VARIABLES INPUT * 



(VARIABLES 

CONTROLLED BY OTHER 

OPTIONS WILL 

APPEAR AS ZEROS IN THE 

TABLE. ) 


O Q 

■« gj 
13 S 

%% 


STREAMLINE 

SUCTION SURFACE 
INCIDENCE ANGLE 

DEVIATION ANGLE 

INLET/OUTLET TURNING 

TRANSITION/CHORD 

MAX. THICKNESS 

o 31 

NUMBER 

(DEGREES) 

(DEGREES) 

RATE RATIO 

LOCATION 

LOCATION/CHORD 

£ 

1 

-3.0000 

16.2000 

1 .0000 

0.0000 

0.5000 


2 

-3. 000C 

12.3000 

1.0000 

0.0000 

0.5000 

5 fV 

3 

-3.0000 

10.5000 

1 .0000 

0.0000 

0.5000 


4 

-3.0000 

9.7000 

1.0000 

0.0000 

0.50 0 0 


5 

-3 . C 0 0 0 

9.1000 

1 .0000 

0.0000 

0 .5000 


6 

-3.0000 

8.8000 

1.0000 

0.0000 

0.5000 


7 

-3.0000 

8.6000 

1 .0000 

0.0000 

0 .5000 


8 

-3. 0000 

8.8000 

1 .0000 

0.0000 

0.5000 


9 

-3.0000 

9.0000 

1 .0000 

0 .0 0 0 0 

0 . 5000 


10 

-3.0000 

10.3000 

1 .0000 

0.0000 

0.5000 


11 

-3.0000 

14.2000 

1.0000 

0.0000 

0.5000 



Table 10.1 Continued 



*## 

PRINTOUT 

OF INPUT STATION 

DATA *** 



** INPUT 

SET NO. 

10 IS AN ANNULAR 

STATION ** 


TIP AXIAL LOCATION 
CINCHES) 

HUB AXIAL LOCATION 
(INCHES) 

TIP 

BLOCKAGE FACTOR 

HUB BLOCKAGE FACTOR 

MASS BLEED FRACTION 

3.0000 

3.0000 


0 .0150 

0.0150 

0.0000 


** INPUT SET NO. 11 IS AN EXTRA ANNULAR STATION ** 


TIP AXIAL LOCATION 
CINCHES) 

HUB AXIAL LOCATION 
CINCHES) 

TIP BLOCKAGE FACTOR 

HUB BLOCKAGE FACTOR 

MASS BLEED FRACTION 

3.^850 

3.4850 

0.0150 

0.0150 

0.0000 


991 
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*** PRINTOUT 

OF INPUT STATION 

DATA *** 






** INPUT 

SET 

NO. 

13 IS AN ANNULAR 

STATION 

#* 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


7.3400 


7.3400 



0.0200 


0.0200 


0.0000 




** INPUT SET 

NO. 

. 14 

IS AN EXTRA ANNULAR STATION ** 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


7 .446 0 


7.4460 



0.0200 


0 .0200 


0.0000 




** INPUT 

SET 

NO. 

15 IS AN ANNULAR 

STATION 

** 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


11.0100 


11.0100 



0.0200 


0 .0200 


0.0000 




** INPUT SET 

1 NO 

. 16 

IS AN EXTRA ANNULAR STATION ** 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


11.3500 


11.3500 



0.0200 


0.0200 


0.0000 




** INPUT 

SET 

NO. 

17 IS AN ANNULAR 

STATION 

** 



TIP 

AXIAL LOCATION 
(INCHES) 

HUB 

AXIAL LOCATION 
(INCHES) 


TIP 

BLOCKAGE FACTOR 

HUB 

BLOCKAGE FACTOR 

MASS 

BLEED FRACTION 


14.4400 


14.4400 



0.0200 


0 . 0200 


0 .0000 


167 
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#** PRINTOUT OF INPUT STATION DATA *** 


** INPUT SET NO. 18 IS AN ANNULAR STATION ## 


TIP AXIAL LOCATION 
(INCHES) 

HUB AXIAL LOCATION 
(INCHES) 

TIP BLOCKAGE FACTOR 

HUB BLOCKAGE FACTOR 

HASS BLEED FRACTION 

16.0000 

16 .0000 

0.0200 

0.0200 

0.0000 


I 

IFT 

Z ( IFT , JM ) 

AR 

I 

Z(I, J) 

AR 

1 

1 

- 11.0000 

0 .0000 

1 

- 11.0000 

0.0000 

2 

2 

-9 . 5200 

4.3508 

2 

-9.5200 

4 . 3508 

3 

3 

-8.0203 

4 . 3628 

3 

-8.0203 

4.3628 

4 

4 

-5.8920 

3 . 0886 

4 

-5.8920 

3.0886 

5 

5 

-3.5000 

2.7375 

5 

-3.5000 

2.7375 

6 

6 

-2.2000 

4.9657 

6 

-2.2000 

4 . 9657 

7 

8 

-0 . 94 00 

4 . 9348 

7 

-1.8240 

17 . C221 

8 

10 

2.2106 

1.5723 

8 

-0 . 9400 

7.0337 

9 

11 

3.0000 

6.0503 

9 

-0.3071 

9.5886 

10 

13 

4.3107 

3.5121 

10 

2.2106 

1.9675 

11 

14 

6.2673 

2.2070 

11 

3.0000 

6 .0 50 3 

12 

15 

7 . 3400 

3.9783 

12 

3.4850 

9.7171 

13 

17 

11.0100 

1.1621 

13 

4.3107 

5.5750 

14 

19 

14.4400 

1.2434 

14 

6.2673 

2.2070 

15 

20 

16 .0000 

2.7339 

15 

7 . 3400 

3.9783 





16 

7.4460 

40.2481 





17 

11.0100 

1.1967 





18 

11 . 3500 

12.5439 





19 

14.4400 

1 . 3802 





20 

16.0000 

2.7339 

FACT1 = 2.5392 


FACT2 = 6.1569 






Table 10.2 


Design code predictions of aerodynamic performance 





** VALUES OF 

PARAMETERS 

ON STREAMLINES AT STATION 

, 1, WHICH IS AN 

ANNULUS 

** 



STREAMLINE 

AXIAL 

AXIAL 

HERD. 

TANG. 

A3S. 

ABS. 

ABS.FLCW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

TIP 

RADIUS 
(IN. ) 
10.100 

CCOF.D . 
(IN. ) 
-11.000 

VEL. 

CFT/SEC) 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

MACH NO. 

ANGLE 

(DEG) 

SLOPE 

(DEG) 

CUR.V . 
(1 ./IN. ) 

FREES . 
(PSIA) 

TEMP. 
(DEG.P.. ) 

PRESS. 

(PSIA) 

TEMP . 
(DEG.P. . ) 

1 

10.100 

-11 . COO 

5C6.S0 

536.80 

C.00 

506.80 

0.9635 

0 . 00 

C. 00 

-0.000 

19.125 

518.70 

12.193 

997.33 

o 

9.628 

-11 . 0C0 

563.66 

563.66 

3.00 

563.66 

0.5181 

O.CO 

-0.C5 

-0.001 

19.670 

518.70 

12.215 

952.22 

3 

9.160 

-11.000 

579.17 

579 .17 

0 .00 

579.17 

0.5283 

0 .00 

-0.10 

-0.031 

19 .700 

518.70 

12.153 

991 . 22 

A 

8 .668 

-11.000 

572.52 

572.82 

0 .00 

572.82 

0.5270 

0 .00 

-0.17 

-0 .001 

19.700 

518.70 

12.165 

991.35 

5 

8.197 

-11 .coo 

573.69 

573.65 

0.00 

573.65 

0.5278 

0.00 

-0.26 

-0.001 

19 . 700 

518.70 

12. 158 

991 .27 

6 

7.590 

-11 . 0 C 0 

573.87 

573.88 

G.C0 

573.88 

0 . 5283 

0 . CG 

-C.28 

-0.001 

19.700 

518.70 

12.156 

991.25 

7 

6 . 989 

-11 .000 

579.29 

579.32 

0 .00 

579.32 

0 . 5289 

0 .00 

-0.52 

-0.001 

19 .700 

518.70 

12.152 

991.21 

8 

6 . 331 

-11 . CC3 

5"9 .62 

579.67 

0 .00 

579.67 

0.5288 

0 .00 

-0.72 

-0.C01 

19.700 

518.70 

12.195 

991.17 

9 

5 .597 

-11.0CG 

5 75 . C 5 

575.19 

0 .00 

575.19 

0.5292 

O.CC 

-0.99 

-0.C01 

19.700 

518.70 

12.195 

991.13 

10 

9.752 

-11 .000 

579.87 

575 . C 9 

O.CO 

575.09 

0 . 5292 

0 .00 

-1.39 

-0.C01 

19 .700 

518.70 

12.196 

991.19 

11 

HUB 

3.715 

3.715 

-11 .003 
-11.000 

571.25 

571.62 

0 .00 

571.62 

0.5258 

0 .00 

-2 . 08 

-0 . 0G1 

19.660 

518.70 

12.191 

991.96 





** VALUES CF 

PARAMETERS 

ON STREAMLINES AT STATION 

, 2, WHICH IS AN 

ANNULUS 

** 



STREAMLINE 

AXIAL 

AXIAL 

MEP.D . 

TANG. 

ABS. 

ABS. 

ABS.FLCW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

TIP 

P.ADIUS 
(IN. ) 
10.100 

COORD . 
(IN. ) 
-9.52C 

(FZ^SZC) 

7 EL. * 
(FT/SEC) 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

MACH NO. 

ANGLE 

(DEG) 

SLOPE 

(DEG) 

CUR.V. 
(1 ./IN. ) 

PRESS. 

(PSIA) 

TEMP . 
(DEG.R. ) 

PRESS. 

(PSIA) 

TEMP. 
(DEG.P.. ) 

1 

10.100 

-9.520 

509.23 

539.23 

0.03 

509.23 

0.9610 

0 .00 

-0.00 

-0 .000 

19 . 125 

518.70 

12.208 

997 . 50 

2 

9.626 

-9.523 

561.39 

561 . 39 

0.00 

561.39 

0.5159 

0 . 00 

-0 . 06 

-0 .000 

19.670 

518.70 

12.239 

992.99 

3 

9.157 

-9.520 

571.72 

571.72 

O.CC 

571.72 

0.5259 

0.00 

-0.11 

-0 . cco 

19 . 700 

513.70 

12.179 

991.96 

9 

8.663 

-9.52C 

570.11 

57 C .11 

0 .00 

570.11 

0 . 5299 

0 .00 

-0.17 

-3.CC0 

19.700 

518.70 

12.187 

991.61 

5 

8.139 

-9.520 

570.69 

570.69 

0.00 

570.69 

0.5299 

0.00 

-0.25 

-0 .coo 

19 .700 

518 .70 

12.183 

991.56 

6 

7.579 

-9.520 

570.52 

570.53 

3 .00 

570.53 

0.5298 

O.CO 

-0.36 

-0.000 

19.700 

518.70 

12.183 

991.57 

7 

6 . 979 

-9.52C 

5-0.57 

570.59 

0.00 

570.59 

0.5298 

0.03 

-0.50 

-0.000 

19 . 700 

518.70 

12. 183 

991.56 

8 

6.312 

-9.520 

57 C .99 

573.53 

0.00 

570.53 

0.5298 

0 .00 

-0.69 

o.oco 

19.700 

518.70 

12.183 

991.57 

9 

5.571 

-9.520 

570.99 

570.57 

3 .00 

570 . 57 

0.5298 

O.CO 

-0 . 96 

0 .000 

19.700 

518.70 

12. 183 

9 1 . 56 

10 

9.715 

-9.520 

569.86 

570.03 

O.CO 

570.03 

0.5293 

0.00 

-1 . 39 

3 .000 

19.700 

518.70 

12.188 

991.62 

11 

HUB 

3.661 

3.661 

-5.520 
-9 . 520 

566.12 

566.52 

0 .GO 

566.52 

0.5209 

0 .00 

-2.16 

-0.001 

19.660 

518.70 

12.183 

991.95 
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** VALUES OF PARAMETERS ON STREAMLINES AT STATION, 3, WHICH IS AN ANNULUS ** 


STREAMLINE 

AXIAL 

AXIAL 

MERD. 

TANG. 

A3S . 

AES. 

ABS . FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

71? 

RADIUS 
CIN. ) 
10.100 

COORD. 
(IN. ) 
-8 . 9*0 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

VEL • 

(FT/SEC) 

VEL. 

(FT/SEC) 

MACH NO. 

ANGLE 

(DEG) 

SLOPE 

(DEG) 

CURV. 
(1 ./IN. ) 

FRESS. 

(PSIA) 

TEMP. 
(DEG.R. ) 

PRESS. 

(PSIA) 

TEMP. 
(DEG.R. ) 

1 

10.100 

-8 . 9*0 

503.17 

503.17 

0.00 

503.17 

0 . *6 0 0 

0.00 

0.00 

O.OOC 

1* . 125 

518.70 

12.216 

*97 .59 

2 

9.625 

-8.767 

560 . 16 

560.16 

0.00 

560.16 

0 .51*7 

0 .00 

-0.05 

0.000 

1 * . 6 7 0 

518.70 

12.2*3 

*92.55 

7 

9.155 

-8.596 

570.28 

570.28 

C .00 

570.28 

0.52*5 

0 .00 

-0.09 

0 .000 

1 * . 7 0 0 

518.70 

12 . 186 

*91.59 

* 

8.660 

-8. *16 

568.31 

568.31 

0 .00 

568.31 

0.5226 

0.00 

-0.1* 

0.000 

1 * . 7 0 0 

513.70 

12.202 

*91.78 

Z 

3.13* 

-8.225 

568.3* 

568 . 3* 

3 .00 

568.3* 

3.5227 

0.00 

-0.20 

0.001 

1 * . 7 0 0 

518.70 

12.201 

*91.78 

6 

7.571 

-8 . 020 

567.53 

567.5* 

0 . CC 

567 . 5* 

0.5219 

0 .00 

-0.27 

0.001 

1* . 700 

518.70 

12.238 

*91.85 

7 

6.961 

-7.798 

566 .60 

566.61 

0 .00 

566.61 

0.5210 

0 .00 

-0.36 

0.0C2 

1 * . 7 0 0 

518.70 

12.216 

*91.9* 

3 

6.291 

-7 . 55* 

565.08 

565.10 

0 .00 

565.10 

0.5195 

0.00 

-0 . *8 

0.003 

1* .700 

518.70 

12.228 

*92.08 

9 

5.538 

-7.281 

562.9* 

562.57 

0 . CC 

562.57 

0.517* 

0.00 

-C. 66 

o.co* 

1* . 7 C 0 

518 .70 

12.2*5 

*92.28 

10 

*.660 

-6 . 561 

558.36 

558 . 9* 

0 .00 

558 . 9* 

0.5135 

0 .00 

-0.45 

0.006 

1 * . 7 0 0 

518.70 

12.278 

*92.66 

i! 

HUB 

3.557 

3.557 

-6 . 560 
-6.560 

5*8.52 

5*8.73 

0 .00 

5*8.73 

0.5037 

0.00 

-1.57 

0 . 008 

1 * . 66 0 

518.70 

12.327 

*93.60 





** VA 

LUES OF 

PARAMETERS 

CN STF.E 

AMLINES AT STATION 

, *, WHICH IS AN 

ANNULUS 

** 



stf: 

EAMLINE 

AXIAL 

AXIAL 

MERD. 

TANG. 

ABS. 

A3S . 

ABS. FLOW 

STP.EAM . 

STP.EAM. 

TOTAL 

TCTAL 

STATIC 

STATIC 

NO. 

TIP 

RADIUS 
(IN. ) 
10.100 

CCCRD . 
(IN. ) 
-6.810 

VEL. 

(FT/SEC) 

VEL. 

( FT/SEC / 

VEL. 

(FT/SEC) 

VEL . 

(FT/SEC) 

MACH NO, 

ANGLE 

(DEG) 

SLOPE 

(DEG) 

CURV. 
(1 ./IN. ) 

RP.ESS. 

(PSIA) 

TEMP. 
(DEG.R. ) 

PRESS. 

(PSIA) 

TEMP. 

(DEG.R.) 

1 

10.100 

-6.810 

500 . 72 

500.72 

O.CO 

5C0 . 72 

0 .*577 

0 .00 

-0.02 

-0.001 

1* . 125 

518.70 

12.233 

*97.80 

2 

9.623 

-6.637 

558.23 

558.23 

C .00 

558 .23 

0.5129 

0 .00 

-0 . 06 

-0.000 

1* . 670 

518.70 

12.259 

*92.73 

3 

9.152 

-6 .*67 

568.63 

568.63 

0 . 0 0 

368.63 

0.5229 

0.00 

-0 .06 

0.001 

1 * . 7 0 0 

518.70 

12.199 

*91.75 

* 

8 .656 

-6.287 

566.72 

566.72 

c.cc 

566.72 

0.5211 

0.00 

-0.0* 

0 . C 0 2 

1* . 700 

518.70 

12.215 

*91.93 

5 

8.129 

-6 .096 

566.62 

566.62 

C.00 

566.62 

0.5210 

0 .00 

-0.01 

0.0C3 

1* . 7C0 

518.70 

12.216 

*91 . 9* 

6 

7.565 

-5.892 

565. *3 

565. *3 

o.co 

565. *3 

0.5198 

0.00 

0.03 

0.00* 

:* . 700 

518.70 

12.225 

*92.05 

7 

6 . 95* 

-5.671 

563.80 

563.80 

0.00 

563.80 

C . 5182 

0.00 

0.08 

0.0Q5 

1* .700 

5i8 .70 

12.239 

*92.20 

8 

6.233 

-5. *28 

561.1* 

561.1* 

o.co 

561.1* 

0.5157 

0.00 

0.15 

0 .008 

1 * . 7 0 0 

518 .70 

12.260 

*92. *5 

9 

5.527 

-5 .15* 

557.03 

557.03 

c.cc 

557.03 

0.5117 

0 . 00 

0.22 

0.010 

1* . 7C0 

518 .70 

12.29* 

*92.8* 

10 

* .6** 

-* .835 

5*9 . *6 

5*9. *6 

0 .30 

5*9. *6 

0 .5C** 

o.co 

0.27 

0.01* 

1 * . 7 0 0 

518.70 

12.355 

*93.5* 

1 1 
HUB 

3.526 
3. *99 

-* . *30 
-* . *20 

532.69 

532.69 

0 .00 

532.69 

0 . *882 

0.00 

0.12 

0 .019 

1* .660 

518.70 

12 .*5* 

*95.05 
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** VALUES OF PARAMETERS ON STREAMLINES AT STATION, 5, WHICH IS AN ANNULUS ** 




AXIAL 

AXIAL 

HERD. 

TANG. 

AES. 

AES. 

ABS . FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

‘ z . 

? A LIUS 

COORD. 

VEL. 

VEL. 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLOPE 

CUR V . 

PRESS. 

TEMP. 

FP.ESS . 

TEMP . 


:in. ) 

(IN. ) 

CF T/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEG) 

(DEG) 

(1 ./IN. ) 

( FSIA ) 

(DEG.R. ) 

(PSIA) 

(DEG.R. 

TIP 

1C . 100 

-3.500 













1 

10.037 

-3.500 

508 . 58 

503.61 

0 .00 

508.61 

0.9652 

0 . 00 

-0.58 

-0.C05 

19.125 

513.70 

12.177 

997.13 

c 

9.615 

-3.500 

565.85 

565.85 

0 .00 

565.85 

0 . 5202 

0 .00 

-0.25 

0.000 

19.670 

518.73 

12.197 

992.01 

i 

9.198 

-3.500 

575.93 

575 . 93 

0 .CO 

575.93 

0 .5300 

0 . 00 

-0.09 

0 . 0C 1 

19 .700 

518.70 

12.139 

6 9 1 . C 5 

- 

3.656 

-3.500 

573.77 

573.77 

0 .00 

573.77 

0 . 527 9 

0 .00 

0 .07 

0 .002 

19.700 

518.73 

12.157 

991 .26 

2 

3.139 

-3 . 500 

573.29 

573.30 

O.CO 

573. 3G 

0.5275 

0 .00 

0.27 

0.009 

19.700 

518.70 

12.161 

991.30 

i 

7.575 

-3.500 

571 . 52 

571.59 

0.00 

571.59 

0 . 5258 

0 .00 

0 .52 

0.006 

19.700 

518.70 

12.175 

991.97 

7 

6.969 

-3. 5C0 

568.89 

568 . 90 

0 .00 

568 . 90 

0.5232 

0 .00 

0.83 

0.009 

19.700 

518.70 

12.197 

991.72 

t 

6.303 

-3 . 500 

569 .31 

569 .99 

0.00 

569.99 

0 .5189 

0 .00 

1.20 

0.019 

19.700 

518.70 

12.239 

992.15 

3 

5.551 

-3.500 

556 . 99 

557.21 

o.o.a 

557.21 

0.5119 

0.00 

1.61 

0 . 020 

19.700 

513.70 

12.292 

992.82 

1 z 

‘ .667 

-3.500 

599 . 09 

599 . 36 

0.00 

599.36 

0 .9995 

0 .CO 

1 .96 

0.031 

19.700 

518.70 

12.396 

999.00 

1 1 

3.539 

-3.500 

521.16 

521.35 

0.00 

521 . 35 

0.9779 

0 .00 

1.53 

0.033 

19.660 

518.70 

12.591 

996 .05 


H.3 3.500 -3.500 


** VALUES OF PARAMETERS ON STREAMLINES AT STATION, 6, WHICH IS AN ANNULUS ** -J 


r 


AXIAL 

AXIAL 

MEED. 

TANG. 

AES. 

A3S . 

ABS. FLOW 

STREAM. 

STREAM. 

TOTAL 

T C » AL 

STATIC 

STATIC 


TIP 

RADIUS 
(IN. ) 
10.100 

COOED. 
(IN. ) 
-2.200 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

MACH NO. 

ANGLE 

(DEG) 

SLOPE 

(DEG) 

CURV. 

(l./IN.) 

PRESS. 

(PSIA) 

TIM?. 

(DEG.R.) 

? r ESS . 
(PSIA) 

TEMP. 
(DE3.P. ) 


1 

13.078 

-2.200 

516.06 

516.06 

0.03 

516.06 

0.9723 

0.00 

0.20 

0 . 026 

19.125 

518.70 

12.123 

6 96 . 5 0 


2 

9.60^ 

-2.200 

56 9. 02 

569.02 

0.03 

56 9 . 02 

0.5233 

0 .00 

-0.29 

-0.003 

19.670 

518.70 

12.171 

991.71 


3 

9 . 19 j 

-2.200 

530.91 

580.92 

O.OC 

580.92 

0 .5399 

0 .00 

-0.32 

-0.006 

19.700 

518.70 

12.102 

990.62 


4 

8.655 

-2.200 

580.65 

580.66 

0.00 

53C.66 

0.5396 

0 .00 

-0.21 

-0.007 

19.700 

518.70 

12.100 

9 9C . 6 3 

3-9 

5 

8 . 138 

-2.200 

582.89 

582.89 

0.00 

582.89 

0.5367 

0 .00 

0 .09 

-0.005 

19.703 

518. 7C 

12.081 

990 . 38 

4 

7.587 

-2.200 

583.39 

583.92 

0.00 

583.92 

0.5373 

0 .00 

0.58 

-0 .000 

19.730 

518.73 

12.076 

‘90.33 


7 

6.993 

-2.200 

582.13 

582.27 

0 .00 

552.27 

0.5362 

0.00 

1.26 

0.006 

19.703 

518.73 

12.086 

930 . ‘9 

t> o 

/A 

> 

6 . 390 

-2 . 200 

577.53 

577.93 

0 .03 

577.93 

0.5320 

0 .00 

2.15 

0.015 

19.700 

518.70 

12.122 

990.86 

i 

5.606 

-2.230 

567.73 

568.67 

0 .00 

568.67 

0.5230 

0.00 

3.29 

C . 027 

19.700 

518.70 

12.199 

991.75 

X 2 

1 C 

9 . 792 

-2.200 

598.02 

599.92 

0 .03 

599.92 

0.5098 

0 .00 

9.77 

0 .096 

19.700 

518.70 

12.351 

‘93.99 


3 

3.622 

3.560 

-2.200 

-2.200 

997.21 

500.67 

O.CO 

5C0 .67 

0.9576 

0.00 

6.79 

0.105 

19.663 

518.73 

12.697 

997.80 

33 r- 

O T5 


Table 10.2 Continued 


** VALUES OF PARAMETERS ON STREAMLINES AT STATION, 7, WHICH IS AN ANNULUS »* 


STREAMLINE 

AXIAL 

AXIAL 

MERD. 

TANG. 

ABS. 

ABS. 

ABS . FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

RADIUS 

COORD. 

VEL. 

VEL. 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLOPE 

CUP.V. 

PP.ESS . 

TEMP. 

PRESS , 

TEMP. 


(IN. ) 

(IN . ) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEG) 

(DEG) 

(1 ./IN. ) 

(PSIA) 

(DEG.P.. ) 

(PSIA) 

(DEG.?.. 

TIP 

10.100 

-1 .824 













1 

10.074 

-1.824 

504.89 

504 . 90 

0 .00 

504 . 90 

0.4617 

0 .00 

0 .30 

*"0.017 

14.125 

518.70 

12.204 

497.45 

2 

9 .600 

-1 .824 

566 .70 

566 .72 

0 .00 

566 . 72 

0.5211 

0 .00 

-0.46 

-0 .023 

14.670 

518.70 

12.190 

491.93 

3 

9.135 

-1 .824 

582 .48 

582 .51 

0 .00 

582.51 

0 . 5364 

0 . 00 

-0.61 

-0.020 

14.700 

518.70 

12.C84 

290.42 

4 

8 .648 

-1 .824 

585 . 94 

555 . 96 

0 .00 

585.96 

0.5398 

0 .00 

-0.49 

-0.015 

14.700 

518 .70 

12.055 

4 9 C . 0 8 

5 

8.135 

-1 .824 

590 . 18 

59C . 18 

0 .00 

5 90 . 18 

0.5439 

0 .00 

-0.10 

-C .009 

14.700 

518.70 

12.320 

489.67 

6 

7 . 589 

-1.824 

591.86 

591.88 

0 .00 

591 .88 

0 . 5456 

0 .00 

0.51 

-0 .002 

14.700 

518.70 

12.305 

429.50 

7 

7.001 

-1.524 

590.87 

5 9 1 . C 3 

0 .00 

591.03 

0.5447 

0 .00 

1 . 35 

0 .006 

14.700 

518.70 

12.012 

429.58 

8 

6 .357 

-1 .824 

585.69 

586.21 

0 .00 

586.21 

0.5400 

C .00 

2.43 

0.017 

14.700 

518.70 

12 . C53 

- 9 C . C 6 

9 

5.631 

-1 .824 

574 . 36 

575.66 

0 .00 

575.66 

0.5298 

0 .00 

3.85 

0 .030 

14.700 

518.70 

12.141 

4 9 1 . C 3 

10 

4 . 778 

-1.824 

551.73 

554.51 

0 . 00 

554.51 

0 . 5C93 

o.co 

5.74 

0 .350 

14.700 

518.70 

12.314 

4 9 3 . C 7 

11 

3.674 

-1.824 

500.07 

506 .1 6 

0 .00 

506.16 

0.4629 

0 .00 

8 . 9C 

0 . C93 

14.660 

518.70 

12.656 

49' . 34 


HUB 3.601 -1.824 


** VALUES OF PARAMETERS ON STREAMLINES AT STATION, 8, WHICH IS AN ANNULUS ** 


STREAMLINE 

AXIAL 

AXIAL 

MERD . 

TANG. 

ABS. 

AES. 

ABS. FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

RADIUS 

CCDRD. 

VEL. 

VEL. 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLOPE 

CUP.V. 

PRESS. 

TEMP . 

PRESS. 

-r~p 


(IN. ) 

(IN. ) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEG) 

(DEG) 

(1 ./IN. ) 

(PSIA) 

(DEG.P.. ) 

( FSIA ) 

( DEG . P. 

TIP 

10.100 

-0 . 940 













1 

10.065 

-0 . 940 

431.80 

482 . 52 

0 .00 

482.52 

0.4404 

0 .00 

-3.14 

-0.118 

14.125 

518.70 

12.362 

^•99.29 

2 

9.582 

-0.940 

563.17 

563.93 

0 .00 

563.93 

0 .5134 

0.00 

-2.99 

-0 . 062 

14.670 

518.70 

12.213 

492.19 

3 

9.116 

-•0.940 

588.17 

588 .75 

0 .00 

588.75 

0.5425 

0 .00 

-2.55 

-0.046 

14.700 

518.70 

12.C32 

489.81 

4 

8.634 

-0 . 940 

598.59 

598.91 

0.00 

598.91 

0.5524 

0 . 0G 

-1.87 

-0.032 

1 ^ .700 

518.70 

11 .946 

2*8.80 

5 

8 129 

-0.940 

607.48 

607.57 

0 .00 

607.57 

0 . 56 09 

0 .00 

-0 . 97 

-0.020 

14.700 

518.70 

11.871 

2£ 1 . 93 

6 

7 .595 

-0.940 

612.19 

612.19 

0 .00 

612.19 

0 . 5654 

0 .00 

0 .14 

-0 . 0C9 

14.700 

518.70 

11.831 

-8 . c 6 

7 

7.023 

-0 . 940 

613.01 

613.21 

0 .00 

613.21 

0 . 56 64 

O.CO 

1.46 

0 . 001 

14.700 

518.70 

11.823 

2*7.36 

8 

6 . 398 

-0.940 

608.85 

609.72 

0 .00 

609.72 

0.5630 

0 . 00 

3.07 

0.012 

14.700 

518.70 

11.853 

287.71 

9 

5.699 

-0 . 94 C 

598.10 

600.48 

0 .00 

6 0 0 . 48 

0.5540 

0 .03 

5.10 

0.024 

14.700 

518.70 

11.932 

282.62 

10 

4.883 

-0 . 940 

575.35 

581.00 

0 .00 

581.00 

0 .5 350 

0 .00 

8 .00 

0.041 

14.700 

518.70 

12.C97 

290.56 

11 

3.847 

-0.94C 

525.75 

539.52 

0 .00 

539.52 

0.4948 

0.00 

12.97 

0 .065 

14.660 

518 .70 

12 . 4 0 C 

294.44 


HUB 3.752 -0.940 


1 72 


Table 10.2 Continued 




** 

VALUES OF PARAMETERS 

ON STREAMLINES AT STATION, 9, 1 

WHICH IS THE INLET 

OF ROTOR 1 

NUMBER, 1 

** 

£ T?; 

EAMLINE 

AXIAL 

AXIAL MERD. 

TANG. ABS. ABS. 


ABS. FLOW STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC STATIC 

*• 0 . 

V-.DIUS 

COOP.D . 

VEL. VEL. 

VEL. VEL. MACH 

NO 

ANGLE 

SLOPE 

CURV. 

PRESS. 

TEMP. 

PRESS. TEMP. 


(IN. i 

(IN. ) 

(FT/SEC) (FT/SEC) (FT/SEC) (FT/SEC) 


(DEG) 

(DEG) 

(l./IN.) 

(PSIA) 

(DEG.R. ) 

(PSIA) (DEG.R.) 

II? 

10.051 

0 . 170 










1 

20.008 

0.158 

533.13 538.79 

0.00 538.79 0.4941 

0 .00 

-8.31 

-0.045 

14. 125 

518.70 

11.953 494.50 

2 

9.562 

0.039 

594.80 598.18 

0.00 598.18 0.5517 

0.00 

-6 . 10 

-0.038 

14.670 

518.70 

11.927 488.87 

5 

9.118 

-0.031 

613.03 615.04 

0.00 615.04 0.5683 

0.00 

-4.64 

-0.031 

14.700 

518.70 

11.807 487.17 

u 

8.653 

-0.099 

618.53 619.49 

0.00 619.49 0.5726 

0 . 00 

-3.19 

-0.024 

14.700 

518.70 

11.768 486.71 

5 

8 . 162 

-0 . 172 

623.18 623.46 

0.00 623.46 0.5765 

0 .00 

-1.71 

-0.017 

14 . 700 

518.70 

11.733 486.30 

6 

7 .640 

-0.250 

624.36 624.36 

0.00 624.36 0.5774 

0 .00 

-0.16 

-0.010 

14.700 

518.70 

11.725 486.21 

7 

7 .077 

-0 . 340 

622.12 622.33 

0.00 622.33 0.5754 

0.00 

1.49 

-0.003 

14.700 

518.70 

11.743 486.42 


6.458 

-0.450 

615.37 616.43 

0.00 616.43 0.5696 

0.00 

3.36 

0.004 

14.700 

518.70 

11.795 487.03 

9 

5.761 

-0.556 

602.82 605.69 

0.00 605.69 0.5591 

0 .00 

5.59 

0.014 

14.700 

518.70 

11.887 488.12 

13 

4 . 942 

-0 .697 

578.50 585.09 

0.00 585.09 0.5389 

0.00 

8.61 

0.029 

14 .700 

518.70 

12.062 490.17 

1 2 

3.892 

-0.839 

527.46 542.10 

0.00 542.10 0.4973 

0 .00 

13.35 

0 .060 

14.660 

518.70 

12.380 494.21 

H J B 

3.771 

-0.855 










II?. 

EAMLINE 

REL . FLOW REL. REL . 

REL. MACH WHEEL 

FLCW L 

.E.P.AD. 

MAX.TH. 

MAX.TH. 

TPAN.PT. 

SEGMENT LAYOUT 

. 

?./?.7IP 

ANGLE 

TANG. VEL. VEL. 

NUMBER SPEED 

COEF. 

/CHORD 

/CHORD 

PT.LCC. 

LOCATION 

IN/OUT CCNE ANG. 



(DEG) 

(FT/SEC) (FT/SEC) 

(FT/SEC) 





/CHORD 

/CHORD 

TURN. RATE (DEG) 

IIP 

1.0CC0 



14 07 .1 9 








i 

: . 9 9 5 6 

68.97 

1401.08 1501.10 

1.3766 1401.08 

0 . 

3789 

0.0018 

0.0290 

0.6400 

0.7000 

0.0750 -10.92 

2 

: . 9 3 1 3 

65.92 

1338.73 1466.29 

1.3524 1338.73 

0 . 

4227 

0.0019 

0.0300 

0.6300 

0 .6474 

0.1800 -8.46 

3 

O . 9371 

64.27 

1276.47 1416.92 

1.3091 1276.47 

0 . 

4356 

0.0020 

0.0323 

0 .6200 

0 .6 042 

0.4300 -6.67 

4 

C . 8 6 C 8 

62.91 

1211.36 1360.57 

1.2577 1211.36 

0. 

4395 

0.0022 

0 .036 1 

0.6100 

0.5627 

0.6600 -4.87 

e 

0 .8 223 

61.38 

1142.70 1301.72 

1.2038 1142.70 

0 . 

4429 

0.0025 

0.0412 

0.6000 

0.5193 

0.7900 -3.05 

6 

3 . 76 0 1 

59.73 

1069.62 1238.51 

1.1454 1069.62 

0. 

4437 

0 .0028 

0 . 0474 

0.5800 

0.4705 

0.8300 -1.15 

7 

3.70^1 

57.87 

990.76 1170.00 

1.0818 990.76 

0 . 

4421 

0.0032 

0.0548 

0.5600 

0.4180 

0.8600 0.81 

8 

3.6425 

55.71 

9C4.14 1094.28 

1.0112 904.14 

0 . 

4373 

0.0036 

0.0630 

0 . 5400 

0.3592 

0.9600 2.95 

7 

3.5732 

53.10 

806.59 1008.69 

0.9310 806.59 

0. 

4284 

0.0041 

0.0717 

0 .5000 

0.2862 

0.9800 5.44 

1 2 

0.4917 

49.78 

691.88 906.11 

0.8346 691.88 

0. 

4111 

0 .0045 

0.0799 

0.5000 

0.2243 

1.0000 8.65 

i 2 

0 . 2872 

45.14 

544.84 768.59 

0.7051 544.84 

0. 

3748 

0 .0048 

0.0849 

0 .5000 

0 .1629 

1.0000 13.69 

HJE 

3 . 3752 













INLET STREAMLINE — - +♦♦+ 



+++♦+ LAYOUT CONE 





C"5 

EAMLINE 

INC. S 

. S . INC . IN. BLADE IN. BLADE TP.AN.PT. BLD.SET 

1ST SEG. 

MACH NO. 

SH . LOC . 

COV.CHAN 

. MIN.CHK 

MIN.CHK. L . E . EDGE 

NC*. 

FCT . 

ANGLE 

ANGLE ANGLE ANGLE BL . ANGLE ANGLE 

S 

. S . CAM . 

AT SHOCK 

AS FRACT 

AS FRACT 

AREA 

PT.LOC.IN CIR . CENT 


PASS. 

(DEG) 

(DEG) (DEG) (DEG) (DEG) (DEG) 


(DEG) 

LOCATION 

OF S.S. 

OF S.S. 

MARGIN 

COV.CHAN. P.^DO/DR 

1 

0 .70 

2.76 

0.45 66.21 66. 

34 64.40 63.39 


4.46 

1.4581 

0.6941 

0 . 3059 

0.0508 

0.3942 -0.6973 

2 

7.79 

2.93 

0.51 62.99 63. 

04 60.43 59.87 


5.10 

1.4474 

0.6421 

0 . 3579 

0.0555 

0.4757 -0.3472 

3 

14.87 

2.94 

0.40 61.33 61. 

32 57.77 57.75 


5.92 

1.4184 

0 .6 00 9 

0 . 3991 

0.0632 

0.4782 -0.1689 

4 

22.27 

3.02 

0.37 59.89 59. 

90 55.44 55.53 


6.54 

1.3792 

0.5607 

0.4393 

0 . 06 31 

0.4064 -0.1323 

5 

30.08 

3.17 

0.35 58.21 58. 

24 53.06 52.92 


6.97 

1.3354 

0.5183 

0.4817 

0 .0581 

0.3238 -0.1497 

6 

38.39 

3.54 

0.26 56.18 56. 

23 50.12 49.35 


7.92 

1.2976 

0 . 4705 

0 .5295 

0.0582 

0.2413 -0.1736 

7 

47.36 

4 .10 

0.20 53.77 53. 

82 46.89 45.06 


8.81 

1.2586 

0.4186 

0.5814 

0.0576 

0.2029 -0.2022 

8 

57.21 

4.84 

0.17 50.88 50. 

93 42.79 39.44 


10.08 

1.2291 

0.3607 

0.6393 

0.0 636 

0.1892 -0.2463 

9 

68.31 

6.85 

0.00 46.25 46. 

27 38.03 31.85 


11.96 

1 . 1667 

0.2892 

0.7108 

0 . 06 64 

0.2489 -0.2370 

10 

81.35 

6.89 

0.00 42.89 42. 

88 33.80 23.10 


11.47 

1.0398 

0.2278 

0.7722 

0.0542 

0.3013 -0.1856 

11 

98 . 08 

5.41 

-0.00 39.74 39. 

67 30.51 13.05 


8.78 

0.8456 

0.1654 

0.7592 

0.0586 

0.3661 -0.1268 
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Table 10.2 Continued 




** 

VALUES OF 

PARAMETERS ON STREAMLINES AT STATION, 10, WHICH IS THE 

; OUTLET OF 

ROTOR 

NUMBER 

, 1 ’ 




ST RE 

:amline 

AXIAL 

AXIAL 

MERD. 

TANG. 

ABS. 

ABS. ABS. FLOW STREAM. STREAM. 

TOTAL 

TOTAL 

STATIC STATIC 


.SO. 

RADIUS 

COORD. 

VEL. 

VEL. 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLOPE 

CURV. 

PRESS. 

TEMP. 

PRESS. TEMP. 



(IN. ) 

(IN.) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEG) 

(DEG) (1 

./IN. ) 

(PSIA) (DEG.R. 

) (PSIA) (DEG 

.R. 

) 

71? 

9 .798 

1.765 
















1 

9.696 

1.777 

979.17 

983.59 

999.83 

660.96 

0.5576 

92.93 

-7.76 

0.057 

23 

.896 

620.30 

19 

.398 589 

. 05 


2 

9.290 

1.870 

510.90 

512.86 

923.31 

669 . 99 

0 . 5665 

39.59 

-5.61 

0.039 

23 

.896 

610 .33 

19 

.221 573 

.56 


i. 

8.889 

1 . 920 

519.52 

520.83 

930.62 

675.80 

0.5775 

39.58 

-9.07 

0 .033 

23 

.896 

607.89 

19 

.062 569 

.92 


c 

8 .976 

1 . 976 

523.93 

529.98 

990.03 

689.62 

0 . 5868 

90 .00 

-2.63 

0 . 026 

23 

.896 

605.60 

18 

.928 566 

.63 


5 

8 .099 

2.092 

529.35 

529.97 

953.73 

697.29 

0.5993 

90 .60 

-1.20 

0.018 

23 

.896 

603.75 

18 

.799 563 

. 32 


6 

7.592 

2.193 

533.87 

533.88 

975.68 

715.05 

0.6162 

91.70 

0.26 

0.010 

23 

.896 

602.85 

18 

.995 560 

. 33 


7 

7.113 

2.259 

539.32 

539.59 

502.93 

737.28 

0.6379 

92.96 

1 .80 

0.002 

23 

.896 

601.99 

18 

.178 556 

.77 


8 

6.609 

2.383 

597.62 

598.57 

536.91 

767.25 

0.6660 

99 . 36 

3.38 

■0.010 

23 

.896 

601.26 

17 

.797 552 

.29 


9 

6 .058 

2.555 

559.88 

562.15 

578.39 

806.53 

0.7039 

95.81 

5.15 

0.029 

23 

.896 

600.35 

17 

.166 596 

.23 


10 

5.939 

2.666 

576.69 

580 . 68 

638.97 

863 . 09 

0.7590 

97.71 

6.76 

•0.052 

23 

.896 

599.85 

16 

.312 537 

.88 


il 

9.759 

2.720 

608.61 

616.19 

729.02 

959.51 

0.8507 

99.80 

8.96 

0.106 

23 

.896 

599.55 

19 

.886 523 

.72 


HUB 

9.658 

2.728 
















2Z ?2 

iamline 

REL . FLOW 

REL. 

PEL. 

P.EL.MACH 

WHEEL 

FLOW 

HEAD 

IDEAL HEAD ADIAB . 

DIFFUSION LOSS 

SHOCK 

DEGREE 

NO*. " 

r/rtip 

ANGLE 

TANG. VEL 

VEL. 

NUMBER 

SFEED 

COEF. 

COEF. 

COEF. 

EFF 


FACTOR 

COEF. 

LOSS REACTION 



(DEG) 

(FT/SEC) 

(FT/SEC) 


(FT/SEC) 









COEF. 



TIP 

1 . 0 00 0 

















1 

0.9996 

61.95 

907.59 

1028.35 

0.8682 

1357.38 

0.3905 

0.2551 

0.3089 

0.8271 

0.9282 

0 . 1 

39 9 

3.0900 

0.7569 

2 

0 . 9530 

59.69 

877.31 

1016.21 

0 .8657 

1300.62 

0.3627 

0.2359 

0.2780 

0 . 8966 

0.9112 

0.1128 

0.0391 

0.7906 

3 

0.9119 

57 . 38 

813.89 

966 . 28 

0.8258 

1299.52 

0 . 36 92 

0.2393 

0 . 27 06 

0.8658 

0.9232 

0 .1007 

0.0359 

0 .78 90 

9 

0 .8695 

59 .91 

796.56 

912.28 

0.7820 

1186.59 

0 . 3723 

0.2393 

0.2637 

0.8887 

0.9361 

0 . 086 3 

0.0313 

0 .7787 

5 

0 .8252 

51.79 

672.97 

855.89 

0.7357 

1126.21 

0 . 3762 

0.2393 

0.2581 

0 . 9080 

0.9517 

0 .079 3 

0 .0259 

0 .7629 

6 

3 .7 788 

97 . 72 

587.19 

793.61 

0.6839 

1062.87 

0.3799 

0.2393 

0.2553 

0 . 9177 

0 .9729 

0 .070 5 

0.0215 

0.7361 

7 

0.7297 

92.99 

993.99 

731.19 

0.6321 

995.87 

0 . 3833 

0.2393 

0.2527 

0.9273 

0 .999 1 

0.0670 

0.0171 

0.6998 

8 

0 .6775 

35.28 

388.17 

6 72 . 02 

C . 5833 

929.59 

0 . 3892 

0.2393 

0.2505 

0 .9355 

0 .5120 

0.0652 

0.0192 

0.6973 

9 

C . 6219 

25 .63 

269.71 

623.50 

0 . 5992 

8 98.05 

0.3979 

0.2393 

0 . 2977 

0.9960 

0.5169 

0.0615 

0 .0 076 

0.5790 

10 

0 . 5599 

12.15 

125.02 

593.99 

0.5229 

763.99 

0 .9098 

0.2393 

0.2962 

0 . 95 

17 

0.9930 

0 .0652 

0 .0002 

0.9621 

11 

0 . 9832 

-5.82 

-62.78 

619.33 

0.5520 

666.29 

0.9325 

0.2357 

0.2953 

0 . 9611 

0 . 3657 

0.0698 

0.0000 

0.2 

719 

HUB 

C .9778 


























OUTLET STREAMLINE - — 

♦♦ LAYOUT 

CONE ♦♦♦ 



STREAMLINE 

PRESS. 

TEMP. 

AEP.O. 

ELEMENT 

LOCAI 

. BLADE FORCES 

T.E.RAD. 

DEV 

. OUT. BLADE 

; OUT. BLADE 

MAX . CAM3 . 

T.E 

.EDGE 

NO. 

PCI. 

RATIO 

RATIO 

CHORD SOLIDITY 

RADIUS FOR. AXIAL 

TANG. 

/CHORD 

ANGL 

E 

ANGLE 

ANGLE 

PT.LOC. 

CIR 

.CENT 


SPAN 



(IN. ) 


(IN.) (LBS/IN) 

(LBS/IN) 


(DEG) 

(DEG) 

(DEG) 

/CHORD 

R# 

D 0/DP. 

j 

1.03 

1.6917 

1.1959 

3.6692 

1.3023 

9.852 

19.6015 

- 1 0 . 9508 

0.0018 

8 . 00 

53.95 

53. 

32 

0.7273 

0 . 

3922 

2 

9 . CO 

1 .6289 

1.1766 

3.6725 

1 . 3692 

9.926 

17.7719 

- 1 0 . 3378 

0.0019 

6.80 

5 2.89 

52 . 

55 

0 .6 727 

0 . 

1690 

3 

16.87 

1 .6255 

1.1720 

3.6701 

1 .9273 

9.009 

16.5638 

-10 . 3987 

0 . 0C2C 

9.80 

52.58 

52 . 

36 

0 .6 052 

0. 

1 1 C 9 

9 

25.00 

1.6255 

1 . 1675 

3.6677 

1.9995 

8.569 

15.9306 

-10.1285 

0 .0 023 

9 .50 

50.91 

50 . 

21 

0.5511 

0 . 

1917 

c 

33.97 

l .6255 

1 . 1690 

3.6658 

1 . 5890 

8 .103 

19.2990 

-9 . 9200 

0 .0026 

9 .60 

97 .19 

96 . 

99 

0 .52 92 

0 . 

1910 

6 

9 2.36 

1.6255 

1.1622 

3.6695 

1 .6897 

7.616 

12.8990 

-9.7839 

0.0030 

5.70 

92.02 

91 . 

89 

0.5192 

0 . 

228 5 

7 

51.76 

1 .6255 

1.1606 

3.6699 

1.8083 

7 .095 

11.9312 

-9.6067 

0.0039 

6.63 

35.81 

35. 

65 

0.5117 

0 . 

2617 

p 

61.76 

1.6255 

1.1592 

3.6666 

1 . 9657 

6.531 

9.7989 

-9.3923 

0 .00 38 

7.52 

27.76 

27 . 

67 

0.5006 

0 . 

3191 

9 

72.50 

1 .6255 

1.1579 

3.6791 

2.1769 

5.909 

7 . 9601 

-9. 0292 

0.0092 

8 .69 

16.99 

17. 

08 

0.9969 

0 . 

386 5 

xO 

89.36 

1.6255 

1.1565 

3.6951 

2.9891 

5.198 

5.6779 

-8.9393 

0.0096 

10.39 

1.76 

n 

66 

0.9919 

0 . 

9 7 7 5 

11 

98.01 

1.6300 

1.1559 

3 . 7588 

3 .0928 

9 . 325 

2.8398 

-8.6529 

0 .0098 

12.52 - 

18 . 39 

-15. 

97 

0.9833 

0 . 

5900 
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Table 10.2 Continued 





** VALUES OF 

PARAMETERS 

ON STREAMLINES AT 

STATION 

, 11, WHICH IS AN 

ANNULUS 

** 



STREAMLINE 

AXIAL 

AXIAL 

MERD . 

TANG. 

ABS* 

ABS. ABS. FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

TIP 

RADIUS 
(IN. ) 
9.630 

COORD. 
(IN. ) 
3.000 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

MACH NO. 

ANGLE 

(DEG) 

SLOPE 

(DEG) 

CUP.V. 
(l./IN. ) 

PRESS. 

(PSIA) 

TEMP. 
(DEG.R. ) 

PRESS. 

(PSIA) 

TEMP. 
(DEG.R. ) 

1 

9.575 

3.000 

540.90 

541.86 

455.51 

707.89 

0.6005 

40 .05 

-3.42 

0.065 

23.896 

620.16 

18.728 

578.52 

2 

9.207 

3.000 

558.59 

559.21 

427.13 

703.67 

0 .6017 

37.37 

-2.70 

0.047 

23.896 

610.33 

18 . 709 

569.17 

3 

8.833 

3.000 

560 . 93 

561.24 

433.38 

709.08 

0 .6080 

37.67 

-1.90 

0.036 

23.896 

607.91 

18.617 

566.10 

4 

8.443 

3.000 

560.78 

560.88 

441.75 

713.95 

0.6137 

38.22 

-1.06 

0.027 

23.896 

605.62 

18.532 

563.23 

5 

8.033 

3.000 

561.90 

561.90 

454.37 

722.62 

0.6228 

38.96 

-0 . 14 

0.019 

23.896 

603.77 

18.398 

560.34 

6 

7.600 

3.000 

561.72 

561.78 

475.16 

735.78 

0.6355 

40.22 

0.85 

0.013 

23.896 

602.87 

18.207 

557.84 

7 

7.138 

3.000 

562.29 

562.62 

500.70 

753.15 

0.6523 

41.67 

1.96 

0.005 

23.896 

602.00 

17 . 955 

554.82 

8 

6 .640 

3.000 

564 . 93 

565.79 

533.58 

777.70 

0.6759 

43.32 

3.15 

-0.003 

23.896 

601.27 

17.596 

550 . 96 

9 

6 .096 

3.000 

570.87 

572.66 

574.76 

811.35 

0.7086 

45.11 

4.53 

-0.017 

23.896 

600.35 

17.094 

545.59 

10 

5.491 

3.000 

580.39 

583.33 

634.22 

861.69 

0.7577 

47.39 

5.75 

-0 . 027 

23.896 

599.86 

16.333 

538.08 

11 

HUB 

4.799 

4.686 

3.000 

3.000 

608.65 

613.53 

722.95 

948.20 

0.8443 

49.68 

7.24 

-0.107 

23.896 

599.55 

14.986 

524.73 


** VALUES OF PARAMETERS ON STREAMLINES AT STATION, 12, WHICH IS AN ANNULUS ** 


STREAMLINE 

AXIAL 

AXIAL 

MERD. 

TANG. 

ABS. 

ABS. 

ABS. FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

RADIUS 

COOP.D . 

VEL. 

VEL. 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLOPE 

CUP.V. 

PRESS. 

TEMP. 

PRESS . 

TEMP. 


( IN . ) 

(IN. ) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEGX 

(DEG) 

(l./IN.) 

(PSIA) 

(DEG.R. ) 

(PSIA) 

(DEG.R. 

TIP 

9 .608 

3.485 













1 

9.554 

3.485 

550.45 

550.76 

456.52 

715.36 

0.6073 

39.66 

-1.90 

0 . 044 

23.896 

620 .16 

18.628 

577.63 

2 

9.190 

3.485 

570.20 

570.40 

427 .90 

713.06 

0.6104 

36.88 

-1.52 

0.037 

23.896 

610.33 

18 . 582 

568 . 06 

3 

8.822 

3.485 

573.48 

573.57 

433.92 

719.21 

0.6173 

37.11 

-1.01 

0.030 

23.896 

607.91 

18.479 

564 . 90 

4 

8.438 

3.485 

573.75 

573.76 

442.00 

724.27 

0.6233 

37.61 

-0.37 

0.024 

23.896 

605.62 

18.390 

562.00 

5 

8.035 

3.485 

574.81 

574.83 

454.24 

732.64 

0.6321 

38.32 

0.36 

0.019 

23.896 

603.77 

18.259 

559.13 

6 

7.610 

3.485 

574.22 

574 . 35 

474 . 54 

745.02 

0.6441 

39.56 

1.19 

0 . 014 

23.896 

602.87 

18.077 

556 .70 

7 

7.156 

3.485 

573.78 

574.17 

499.42 

76 0 . 98 

0.6596 

41.02 

2.11 

0.010 

23.896 

602.00 

17.843 

553.83 

8 

6.666 

3.485 

574.41 

575.27 

531.41 

783.16 

0.6810 

42.73 

3.13 

0.006 

23.896 

601.27 

17.517 

550.25 

9 

6.131 

3.485 

576 .44 

577 . 97 

571.41 

812.75 

0.7099 

44.67 

4.17 

0.001 

23.896 

600.35 

17.074 

545.40 

10 

5.533 

3.485 

578.62 

580 . 98 

629.34 

856.50 

0.7526 

47.29 

5.16 

0.001 

23.896 

559.86 

16.411 

533.82 

11 

4.841 

3.485 

587.21 

589.80 

716.69 

928.17 

0.8240 

50.55 

5.37 

-0.027 

23.896 

599.55 

15.301 

527.86 


HUB <*.731 3.485 
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Table 10.2 Continued 


** VALUES OF PARAMETERS ON STREAMLINES AT STATION, 13, WHICH IS THE INLET OF STATOR NUMBER, 1, OF STAGE NUMBER, 1 ** 


-TREkuLINiJ 

AXIAL 

AXIAL 

MEP.D . TANG. 

ABS. 

ABS. 


ABS. FLOW STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 


NO. 

RADIUS 

COORD. 

VEL. 

VEL. VEL. 

VEL. 

MACH 

NO 

. ANGLE 

SLOPE 

CUP.V. 

PRESS. 

TEMP. 

PRESS. 

TEMP. 



(IN. ) 

(IN. ) 

(FT/SEC) (FT/SEC) (FT/SEC) (FT/SEC) 


(DEG) 

(DEG) 

( 1 ./IN. ) 

(PSIA) < 

(DEG.R. ) 

(PSIA) (DEG.R. 

) 

TIP 

9.600 

4.116 














1 

9.539 

4.116 

555.73 

555.79 457.24 

719.70 

0.6113 

39.44 

-0.83 

0.016 

23.896 

620.11 

18.569 

577 . 06 


2 

9.179 

4.114 

579.52 

579.54 428.45 

720.72 

0.6174 

36.48 

-0.47 

0 . 020 

23.896 

610.34 

18.478 

567 . 16 


3 

8.815 

4 .120 

585.19 

585.19 434.28 

728.73 

0.6261 

36.58 

-0.10 

0 . 020 

23.896 

607.92 

18.348 

563.77 


4 

8.436 

4.124 

587 .04 

587.06 442.07 

734.89 

0.6331 

36 . 98 

0.37 

0.017 

23.896 

605.63 

18.243 

560.72 


5 

8.041 

4.129 

589.21 

589.29 453.90 

743.84 

0.6425 

37.61 

0 . 94 

0 .014 

23.896 

603.78 

18.102 

557 . 76 


6 

7.625 

4.135 

589.49 

589.72 473.62 

756.37 

0.6548 

38.77 

1.61 

0.011 

23.896 

602.88 

17.917 

555.29 


7 

7.182 

4 . 143 

589.47 

589.99 497.65 

771.84 

0.6699 

40.15 

2.42 

0.010 

23.896 

602.00 

17.687 

552.45 


8 

6.705 

4.151 

589.61 

590.63 528.39 

792.49 

0.6899 

41.82 

3.36 

0.010 

23.896 

601.27 

17 . 381 

549.03 


9 

6.184 

4.162 

588 . 94 

590.70 566.52 

818.46 

0.7154 

43.80 

4 .43 

0.014 

23.896 

6 C 0 . 36 

16 . 989 

544.63 


10 

5.603 

4.175 

584.18 

587.08 621.54 

854.97 

0.7511 

46.63 

5.70 

0 . 024 

23.896 

599.86 

16.435 

539.04 


1 1 

4 . 920 

4 .190 

563.20 

567.04 705.13 

904.84 

0.8006 

51.19 

6.67 

0 .090 

23.896 

599.55 

15.665 

531.43 


HUB 

4.799 

4.192 














STREAMLINE 

FLOW 

REL . FLOW L.E.RAD. MAX.TH 

MAX.TH. 

TRAN . PT . 

SEGMENT 

LAYOUT 






NO. 

R/P.TIP 

COEF. 

ANGLE 

/CHORD /CHORD 

PT 

.LOC. 

LOCATION 

IN/OUT CONE ANG. 









(DEG) 


/CHORD 

/CHORD 

TURN. RATE 

(DEG) 






TIP 

1.0000 















1 

0.9936 

0 .3949 

57.67 

0.0129 0.0797 

0. 

500 0 

0 

.3310 

1 .0 0 0 0 

-0.20 






2 

0 . 9561 

0.4118 

55.92 

0.0123 0.0782 

0 . 

5000 

0 

.3088 

1 .000 0 

0.27 






3 

0.9182 

0.4159 

53.81 

0.0117 0.0767 

0 . 

5000 

0 

.3035 

1.0000 

0.58 






4 

0 .8788 

0.4172 

51.54 

0.C111 0.0752 

0. 

50 0 0 

0 

.2975 

1.0000 

0.92 






5 

0.8377 

0.4187 

48.75 

0.0104 0.0735 

0. 

5000 

0 

.2917 

1.0000 

1 . 33 






6 

0 .7943 

0.4189 

45.20 

0.0097 0.0718 

0 . 

5000 

0 

.2873 

1 .0000 

1.82 






7 

0.7481 

0 .C189 

40.72 

0.0090 0.0699 

0 . 

50 00 

0 

.2821 

1 .0 0 00 

2.46 






8 

0.6984 

0.4190 

34.79 

0.0082 0.0679 

0 . 

5000 

0 

.2754 

1 .0000 

3.27 






9 

0 .6442 

0.4185 

26.87 

0.0C73 0.0658 

0. 

50 0 0 

0 

.2670 

1.0000 

4 . 34 






10 

0 . 5836 

0.4151 

15.50 

0.0C63 0.0633 

0 . 

500 0 

0 

.2562 

1 .00 00 

5.78 






il 

0 .5125 

0 .40 02 

-1.65 

0.0052 0.0605 

0. 

500 0 

0 

.2406 

1.0000 

7 . 95 






HUB 

0 .4999 

















INLET STREAMLINE ♦ ++++++++4 +++ 




+++♦♦ LAYOUT CONE 







STREAMLINE 

INC. S 

. S . INC . IN. BLADE IN . BLADE TRAN 

.PT. BLD.SET 

1ST SEG. 

MACH NO. 

SH.LCC. 

COV .CHAN 

. MIN.CHK 

. MIN.CHK 

L.E 

.EDGE 

NO. 

PCT . 

ANGLE 

ANGLE 

ANGLE ANGLE 3L. ANGLE 

ANGLE 

S 

. S . CAM . 

AT SHOCK 

AS FP.ACT 

AS FP.ACT 

AREA 

PT.LOC. 

IN CIP. 

.CENT 


PASS. 

(DEG) 

(DEG) 

(DEG) (DEG) (DEG) 

(DEG) 


(DEG) 

LOCATION 

OF S.S. 

OF S.S. 

MARGIN 

COV. CHAN. R^D0/DR 

1 

1 . 28 

2 . 94 

-3.00 

36.50 36.48 19. 

01 

10 . 15 


21.38 

0.8314 

0 . 3314 

0.5198 

0.2368 

0.0000 

-0 . 

0584 

2 

8 .78 

2.97 

-3.00 

33.50 33.52 19. 

39 

10.62 


17 . 78 

0.8016 

0 . 3080 

0.5775 

0.1991 

0 . ocoo 

0 . 

0383 

3 

16 . 36 

2.94 

-3.00 

33.64 33.68 20. 

29 

11.60 


16.95 

0.8039 

0.3026 

0 .6016 

0 . 1865 

0.0000 

0 . 

0813 

4 

24.23 

2.89 

-3.00 

34.09 34.12 21. 

10 

12.23 


16 .47 

0.8079 

C .2967 

0.6174 

0.1775 

0 . OCOO 

0 . 

0826 

5 

32.46 

2.82 

-3.00 

34.78 34.80 22. 

00 

12.88 


16 .13 

0.8163 

0.2910 

0.6312 

0.1673 

0 .0000 

0 . 

0 96 1 

6 

4 1.13 

2.75 

-3.00 

36.02 36.03 23. 

14 

13.65 


16 . 12 

0.8319 

0 . 2870 

0.6410 

0 .1580 

0 .00 0 0 

0 . 

1106 

7 

50 . 36 

2 .66 

-3.00 

37.49 37.49 24. 

45 

14.49 


16 . 15 

0.8514 

0.2823 

0.6508 

0 .14 7 5 

0.0000 

0 . 

1201 

8 

6 0.30 

2.55 

-3.00 

39.27 39.26 25. 

95 

15.30 


16 . 26 

0.8783 

0.2762 

0.6593 

0. 1356 

0.0000 

0 . 

1332 

9 

71.14 

2.42 

-3. CO 

41.39 41.38 27. 

80 

16.29 


16 . 33 

0.9116 

0.2685 

0.6699 

0.1219 

0.0000 

0 . 

1518 

10 

83.25 

2.23 

-3.00 

44.40 44.40 30. 

18 

17.24 


16 . 72 

0.9620 

0 . 2590 

0.6769 

0.1091 

0 .00 0 0 

0 . 

1766 

11 

97.47 

1 . 95 

-3.00 

49.25 49.28 33. 

62 

17.94 


17.79 

1.0395 

0.2460 

0.6771 

0.1097 

0 . ocoo 

0 . 

20 39 
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** VALUES OF PARAMETERS ON STREAMLINES AT STATION. 15, WHICH IS AN ANNULUS ** 


STREAMLINE 

AXIAL 

AXIAL 

MEP.D. 

TANG. 

ABS. 

ABS. 

ABS. FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO . 
TIP 

RADIUS 
(IN. ) 
9.600 

CCOP.D . 
( IN . ) 

7 . 340 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

VEL. 

(FT/SEC) 

MACH NO. 

ANGLE 

(DEG) 

SLOPE 

(DEG) 

CUP.V. 
(l./IM. ) 

PRESS. 
(FSIA ) 

TEMP. 
(DEG.R. ) 

PRESS. 

(PSIA) 

TEMP. 
(DEG.R. ) 

1 

9.531 

7 . 340 

580.30 

580.30 

0 .00 

580.30 

0.4871 

0 .00 

0.01 

- 0.000 

23.421 

618 .99 

19.915 

591 .01 

2 

9.194 

7 . 34 0 

579.12 

579.13 

0 .00 

579.13 

0 . 4896 

0.00 

0 .16 

- 0.001 

23.458 

610.26 

19.912 

582.38 

3 

8.846 

7 . 340 

579.07 

579.08 

C .00 

57 9 . 08 

0.4906 

0 .00 

0.35 

-0.003 

23.468 

607 . 94 

19.909 

580.07 

A 

8 . 486 

7 . 340 

579.57 

579.59 

C .00 

579.59 

0.4920 

0 .00 

0.55 

-0.005 

23.478 

605.69 

19.898 

577.76 

5 

8.110 

7 . 340 

580.24 

580.29 

0 .00 

580.29 

0.4934 

0.00 

0.75 

-0.008 

23.480 

603.87 

19.882 

575.87 

5 

7.718 

7.340 

580.45 

580.53 

0 .00 

580.53 

0.4940 

0.00 

0 . 97 

- 0.010 

23.466 

602.97 

19.862 

574.95 

7 

7.305 

7 . 340 

579.27 

579.39 

0.00 

579.39 

0 .4 933 

0 .00 

1.18 

-0.013 

23.415 

602.10 

19.828 

574.19 

8 

6.865 

7.340 

577.01 

577 .18 

3 .00 

577.18 

0.4916 

0 .00 

1.39 

-0.016 

23.340 

601.37 

19.786 

573.67 

9 

6 .391 

7.340 

572.13 

572.35 

0 .00 

572.35 

0.4877 

0.00 

1.56 

- 0.020 

23.223 

600.46 

19.737 

573.22 

10 

5.869 

7 . 340 

557.50 

557.72 

0.03 

557.72 

0.4749 

0 . oc 

1.61 

-0.023 

22. 954 

5 99 . 96 

19.670 

574.10 

' i 

HJ5 

5.264 

5.137 

7.340 

7.340 

520.82 

520.89 

o.co 

520.89 

0.4424 

0 .00 

0.99 

-0.016 

22.407 

599.66 

19.588 

577 . 08 





** VALUES OF 

PARAMETERS 

CN STREAMLINES AT STATION 

, 16, WHICH IS AN 

ANNULUS 




STREAMLINE 

AXIAL 

AXIAL 

MERO. 

TANG . 

A3S . 

ABS. 

ABS.FLCW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

SO. 

TIP 

RADIUS 
(IN. ) 
9 .600 

CCCP.D . 
(IN. ) 

7 .446 

VEL . 

(FT/SEC) 

VEL. 

(FT/SEC) 

VEL . 

(FT/SEC) 

VEL. 

(FT/SEC) 

MACH NO. 

ANGLE 

(DEG) 

SLOPE 

(DEG) 

CUP.V. 

(l./IN.) 

PRESS. 

(FSIA) 

TEMP . 
(DEG.R. ) 

FFESS. 

(FSIA) 

TEMP. 

(DEG.R. 

1 

9.531 

7 . 446 

582.82 

582.82 

0 . CO 

582.82 

0.4893 

0.00 

0.01 

-0.000 

23.421 

618.99 

19.886 

590.77 

2 

9.195 

7.446 

581.58 

581.58 

0 .00 

581.58 

0.4918 

0 .00 

0.15 

- 0.001 

23.458 

61C . 26 

19.884 

582.14 

3 

8.848 

7.446 

581.41 

581.42 

0.03 

581.42 

0.4926 

0 .00 

0.33 

-0.003 

23.468 

607.94 

19.881 

579.84 

4 

8 . 489 

7.446 

581.70 

581.72 

O.OC 

581.72 

0 .4939 

0 .00 

0.52 

-0.004 

23.478 

605.69 

19.873 

577.55 

5 

8.115 

7.446 

582.02 

582.07 

0.00 

582.07 

0 .4949 

0.00 

0.71 

-0 .006 

23.480 

603.87 

19.861 

575.70 

6 

7.724 

7.446 

581.73 

581.80 

c . cc 

581.80 

0.4951 

0 .00 

0.91 

-0.007 

23.466 

602.97 

19.847 

574.83 

7 

7.311 

7.446 

579.84 

579.95 

0.03 

579.95 

0 .4938 

0 .00 

1.11 

-0.009 

23.415 

6C2. 10 

19.821 

574.14 

8 

6.871 

7.446 

576.60 

576.75 

0 .00 

576.75 

0.4913 

0.00 

1.30 

- 0.012 

23.340 

6C1 .37 

19.791 

573.71 

9 

6.397 

7.446 

570.38 

570.56 

3.CC 

570.56 

0.4861 

O.CO 

1.45 

-0.014 

23.223 

630.46 

19.757 

573.39 

10 

5.874 

7 . 446 

553.84 

554.03 

0 .00 

554.03 

0.4716 

0 .00 

1.48 

-0.016 

22.954 

599 . 96 

19.712 

574.44 

11 

HL’3 

5.265 

5.139 

7.446 

7.446 

515.48 

515.55 

0 .00 

515.55 

0.4377 

0.00 

0.90 

-0.015 

22.407 

599.66 

19.643 

577.55 
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** VALUES OF 

PARAMETERS 

ON STREAMLINES AT 

STATION/ 

14, WHICH 

IS THE 

OUTLET 

OF STATOR 

NUMBER, 

1, OF STAGE NUMBER 

, 1 ** 

STPE 

AMLINE 

AXIAL 

AXIAL 

HERD . 

TANG. 

ABS. 

ABS. ABS. FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO . 

RADIUS 

COORD . 

VEL. 

VEL. 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLOPE 

CURV. 

PRESS. 

TEMP . 

PRESS. 

TEMP. 


C IN . ) 

(IN. ) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEG) 

(DEG) 

(I./ZN. ) 

(PSIA) 

(DEG.R. ) 

(PSIA) 

(DEG.P.. ) 

TI? 

9.600 

6.353 













\ 

9.531 

6 . 352 

571.06 

571.06 

0.00 

571.06 

0.4789 

0.00 

0.06 

-0.002 

23.421 

619.10 

20.020 

592.01 

2 

9.189 

6.347 

570 . 33 

570.35 

0.00 

570.35 

0.4819 

0.00 

0.40 

-0.005 

23.458 

610.26 

20.013 

583.22 

2 

3.337 

6 . 345 

570.86 

570.89 

0.00 

570.89 

0.4833 

0.00 

0.67 

-0 .006 

23.468 

607 . 94 

20 .003 

580.85 

c, 

8.472 

6.344 

571.79 

571.86 

0 .00 

571.86 

0 . 4851 

0 .00 

0.93 

-0.007 

23.478 

605.68 

19 . 988 

578.49 

5 

8.093 

6.343 

572.68 

572.81 

0 .00 

572.81 

0.4867 

0.00 

1.22 

-0.008 

23.480 

603.85 

19.969 

576 . 58 

c 

7.696 

6.343 

572.96 

573.17 

0 .00 

573.17 

0.4874 

0.00 

1.57 

-0.011 

23.466 

6C2. 96 

19.948 

575-65 

7 

7.276 

6.342 

571.94 

572.28 

0 .00 

572.28 

0.4870 

0 .00 

1 . 99 

-0.015 

23.415 

602.09 

19.910 

574.86 

£ 

6 .830 

6 . 342 

570.40 

570 . 95 

0.00 

570 . 95 

0.4861 

0 .00 

2.51 

-0 . 022 

23.340 

601.36 

19.857 

574 . 26 

9 

6.350 

6 . 342 

567.78 

568.65 

0 .00 

568 .65 

0.4844 

0.00 

3.17 

-0 .034 

23.223 

600.45 

19.779 

573.56 

13 

5.822 

6.343 

558.83 

560 . 18 

0 .00 

560 . 18 

0.4771 

0 .00 

3.99 

-0.053 

22.954 

599.95 

19.643 

573.86 

1 1 

5.221 

6.347 

544.64 

546.62 

0 .00 

546.62 

0.4652 

0 .00 

4.88 

-0.120 

22.407 

599.65 

19.318 

574.79 


b 5.092 6.348 


st?.: 

EAMLINE 

FLCW 

HEAD 

IDEAL HEAD 

STATOR 

STAGE 

STAGE 

DIFFUSION 

STATOR 

SHOCK 

ELEMENT 

AEF.C . 

DEGREE 

TI? 

R/RTIP 
1 . OCQQ 

CCEF . 

COEF. 

COEF. 

FO. RATIO 

PO. RATIO 

AD.EFF. 

FACTOR 

LOSS COEF. 

LOSS 

COEF. 

SOLIDITY 

CHORD 
(IN. ) 

REACTION 


0.9928 

0.4058 

0.2446 

0.3084 

0.9801 

1.6581 

0.7933 

0.4531 

0.0891 

0 .0 000 

1.2888 

2.27C8 

0.1485 

2 

0.9572 

0.4053 

0.2258 

0.2780 

0 . 9817 

1.5990 

0.8123 

0.4307 

0.0808 

0.0000 

1 . 3380 

2.2708 

0 . 1664 

7 

0 . 9205 

0.4057 

0.2250 

0.2706 

0.9821 

1.5965 

0.8314 

0.4303 

0.0771 

0 .0 00 0 

1 .3923 

2.2709 

0 . 1830 

- 

C .2825 

0 .4063 

0.2252 

0.2637 

0 . 9825 

1.5971 

0.8542 

0.4283 

0 . 0739 

0.0300 

1.4536 

2.2711 

0.1897 

c 

0.8430 

0 .4070 

0.2253 

0.2581 

0 . 9826 

1.5973 

0.8730 

0.4296 

0.0717 

0 .000 0 

1 .5236 

2.2713 

0.2031 

i 

: .5016 

0.4072 

0.2250 

0.2553 

C . 9820 

1.5963 

0.8811 

0.4364 

0.0719 

0 .00 0 0 

1.6048 

2.2718 

0 . 22C8 

7 

3 .7580 

0.4064 

0.2239 

0.2527 

0.9799 

1 .5929 

0.8859 

0.4468 

0.0774 

0.0000 

1.7012 

2.2727 

C .2417 

8 

0.7115 

0.4053 

0.2222 

0.2505 

0 . 9767 

1 . 5877 

0 .8872 

0.4612 

0 . 0853 

0 . ocoo 

1.8183 

2.2740 

C . 26 93 

9 

0.6614 

0.4035 

0.2196 

0.2477 

0.9718 

1.5798 

0 .8867 

0.4790 

0 .0974 

0.0000 

1.9655 

2.2764 

0 . 3C34 

* “ 

0.6C65 

0.3971 

0.2137 

0.2462 

0.9606 

1.5615 

0.8679 

0.5098 

0.1262 

0 .0 0 0 0 

2.1603 

2 . 28 C 6 

0.3489 


0.5439 
0 530' 

0 . 3870 

0.2028 

0.2453 

0 . 9377 

1.5284 

0.8267 

0.5507 

0.1809 

0 .0002 

2 .4424 

2.2887 

0 . 3955 


CUTLET STREAMLINE ++ LAYOUT CONE ♦ ♦♦ 




LOCAL BLADE FORCES 

T.E.P.AD. 

DEV . 

OUT. BLADE 

OUT. BLADE 

MAX . CAMB . 

T . E . EDGE 


PCT . 

RADIUS 

FOR . AXIAL 

TANG. 

/CHORD 

ANGLE 

ANGLE 

ANGLE 

PT.LOC. 

CIR . CENT 


SPAN 

(IN. ) 

(LES/IN) 

(LBS/IN) 


(DEG) 

(DEG) 

(DEG) 

/CHORD 

R*D0/DR 


1.54 

9.535 

2.8504 

8.7334 

0.0129 

16.20 

-16.20 

-16 . 17 

0.5001 

-0.1101 

2 

9.12 

9. 184 

2.4286 

8.1020 

0 . 0123 

12 . 30 

-12.30 

-12.29 

0 .4999 

-0 . 087 3 

l 

16.92 

8.826 

2.4295 

7 . 9809 

0.0116 

10.50 

-10.50 

-10.50 

0.4998 

-0.0602 

4 

25 . 02 

8 .454 

2.4461 

7.8106 

0.0110 

9 .70 

-9.70 

-9.70 

0 .4997 

-0 . 0433 

c 

33.44 

8.067 

2.4872 

7.6654 

0.0103 

9.10 

-9.10 

-9.10 

0.4995 

-0.0413 

1 

42.25 

7.660 

2.5829 

7.5812 

0.0096 

8.80 

-8.80 

-8.81 

0 .4993 

-0 . 0412 

7 

51.55 

7.229 

2.6633 

7.4781 

0.0089 

8.60 

-8.60 

-8.61 

0 .4990 

-0.0381 

£ 

61.45 

6 .767 

2.7640 

7.3726 

0.0081 

8.80 

-8.80 

-8.82 

0.4985 

-0 .0 374 

9 

72.10 

6.267 

2.8617 

7.2158 

0 .0072 

9 .00 

-9.00 

-9.03 

0.4978 

-0.0326 

1 C 

83.81 

5.713 

2.9351 

6 .9995 

0.0063 

10.30 

-10.30 

-10.28 

0.4968 

-0.0064 

11 

97.14 

5.071 

2.9569 

7.3620 

0 .0052 

14.20 

-14.20 

-14.03 

0 .4949 

0.0287 
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** VALUES OF PARAMETERS ON STREAMLINES AT STATION, 17, WHICH IS AN ANNULUS ** 


STPE 

AMLINE 

AXIAL 

AXIAL 

MERD. 

TANG. 

ABS. 

ABS. 

ABS. FLOW 

STREAM. 

STREAM/ 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

RADIUS 

COORD. 

VEL. 

VEL. 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLOPE 

CURV. 

PRESS. 

TEMP. 

PRESS. 

TEMP. 


(IN. ) 

(IN. ) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEG) 

(DEG) 

(1 ./IN. ) 

(PSIA) 

(DEG.R. ) 

(PSIA) 

(DEG.R. ) 

T X P 

9.600 

11.010 













X T 

9.531 

11.010 

589.27 

589.27 

0.00 

589.27 

0.4951 

0.00 

-0.00 

0 . 000 

23.421 

618.53 

19.809 

589.68 

2 

9.198 

11.010 

588 . 04 

588 . 04 

0.00 

588.04 

0 .4976 

0 .00 

0 . Cl 

-0 .coo 

23.458 

610.21 

19.808 

581.47 

3 

8.854 

11.010 

587 . 58 

587.58 

0 .00 

587.58 

0.4981 

0.00 

0.01 

-0.000 

23.468 

607 . 94 

19.810 

579.24 

♦ 

8.498 

11.010 

587 . 26 

587.26 

0 .00 

587.26 

0 .4988 

0.00 

0 .00 

-0.000 

23.478 

605.71 

19.809 

577 .04 

5 

8.127 

11.010 

586 . 64 

586.64 

0.00 

586.64 

0.4990 

0.00 

-0 .00 

-0.000 

23.480 

6 0 3 . 90 

19.808 

575.29 

6 

7.738 

11.010 

584 . 97 

584 . 97 

0 .00 

584 . 97 

0.4979 

0 .00 

-0.01 

-0 . coo 

23.466 

603.01 

19.810 

574 . 56 

7 

7 . 328 

11.010 

581 . 18 

581 . 18 

0.00 

581.18 

0.4949 

0.00 

-0 . 04 

-0.000 

23.415 

602.14 

19.807 

574.06 

8 

6.889 

11.010 

575.29 

575.29 

0 .00 

575.29 

0.4899 

0 .00 

-0 . 07 

0 .000 

23.340 

601.41 

19.808 

573.90 

9 

6.415 

11.010 

565.40 

565.40 

0 .00 

565.40 

0.4815 

0.00 

-0.13 

0.001 

23.223 

600.50 

19.817 

573.92 

1 C 

5 .887 

11.010 

543 . 72 

543.72 

0 .00 

543.72 

0.4625 

0.00 

-0.20 

0 . 0C2 

22 . 954 

600.01 

19.824 

575.42 

il 

5.266 

11.010 

497 . 78 

497.78 

0.00 

497.78 

0.4220 

0.00 

-0.22 

0 .004 

22.407 

599.70 

19.822 

579.09 


HUB 5.140 11.010 


** VALUES OF PARAMETERS ON STREAMLINES AT STATION, 18, WHICH IS AN ANNULUS ** 


SIRE 

AMLINE 

AXIAL 

AXIAL 

MEP.D . 

TANG. 

ABS. 

ABS. 

ABS. FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

RADIUS 

COOP.D . 

VEL. 

VEL . 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLCFE 

CURV. 

PRESS. 

TEMP. 

PRESS. 

TEMP . 


(IN. ) 

(IN. ) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEG) 

(DEG) 

(1 ./IN. ) 

(PSIA) 

(DEG.R. ) 

(PSIA) 

(DEG.R. ) 

TIP 

9.6C0 

11.350 













1 

9.531 

11.350 

589.87 

559.87 

0 .00 

589.87 

0.4957 

0 .00 

-0.00 

3 .030 

23.421 

618.53 

19.803 

589.62 

2 

9.198 

11.35C 

588 .61 

588 . 6 2 

0.00 

588.61 

0 .4981 

0.00 

0.01 

O.CCO 

23.458 

61 0.21 

1 9.8C2 

581.41 

3 

8.855 

11.350 

588 . 10 

588 .10 

0 .00 

588.10 

0.4986 

0 .00 

0.01 

3 . C C 0 

23.468 

607.94 

19.803 

579.19 

4 

8.499 

11.350 

587.70 

587.73 

0 .00 

587.70 

0.4992 

0.00 

0 .00 

0 . COC 

23.478 

605.71 

19.804 

576 . 9 9 

5 

£ . 128 

11.350 

586 . 98 

536 . 98 

C.00 

586.98 

0.4993 

0.00 

0.00 

o.coo 

23.480 

6 3 3 . 90 

19.804 

575.25 

6 

7 .740 

11.350 

585 . 18 

535.18 

0 .00 

585.18 

0.4981 

0.00 

-0.01 

3.030 

23.466 

633.01 

19.808 

574 . 54 

7 

7 . 329 

11.353 

581.21 

531.21 

0.00 

581.21 

0.4949 

0.00 

-C.C2 

0 . C31 

23.415 

632.14 

19.807 

574 .35 

8 

6.891 

11.350 

575.11 

575.11 

0 .00 

575.11 

0.4898 

0.00 

-0 .05 

0.301 

23.340 

631 .41 

19.81C 

573.91 

9 

6.416 

11.350 

564 . 97 

564.97 

0 .00 

564 . 97 

0.4811 

0.00 

-0.39 

C . CC2 

23.223 

600.53 

19.821 

573.96 

10 

5 .888 

11.350 

542 . 96 

542.96 

0 .00 

542.96 

0.4618 

0.00 

-C . 14 

o . c : 3 

22. 954 

63C . 01 

19.832 

575 . 4 8 

1 1 

5.266 

11.350 

496 . 84 

496.84 

0.00 

496.84 

0.4212 

0.00 

-0 . 15 

C . 3 3 3 

22.437 

599.70 

19.832 

579.17 


O 

3a 


ORIGINAL 

OF POOR 
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** VALUES CF PARAMETERS ON STREAMLINES AT STATION, 19, WHICH IS AN ANNULUS ** 


STREAMLINE 

AXIAL 

AXIAL 

MEP.D . 

TANG. 

ASS . 

ABS. 

ABS. FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 

NO. 

RADIUS 

CCCP.D . 

VEL. 

VEL. 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLOPE 

CURV. 

FP.ESS . 

TEMP. 

PRESS. 

TEMP. 


(IN. ) 

(IN. ) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEG) 

(DEG) 

(1 ./IN. ) 

(PSIA) 

(DEG.P.. ) 

(PSIA) 

(DEG.R. ) 

TIP 

9.600 

1*.**0 













l 

9.531 

1*.**0 

588.97 

588.97 

0.00 

588.97 

0 . * 95 0 

0 .00 

0 .00 

-0 .000 

23. *21 

618.17 

19.811 

589.35 

2 

9.198 

1*.**0 

587.87 

587.87 

0.00 

587.87 

0 . * 97 * 

0 .00 

-0 .00 

0 .000 

23. *58 

610.17 

19.810 

581 .*5 

7 

8.85* 

1* . **0 

587 .*1 

587 .*1 

0 .00 

587 .*1 

0 . * 98 0 

0 . 00 

-0.00 

-0 .000 

23. *68 

607.9* 

19.812 

579.26 

* 

8 . *98 

1* .**C 

587.0* 

587 . 0* 

0.00 

587 .0* 

0 . * 986 

0 .00 

-0 .00 

-0 .000 

23. *78 

605.72 

19.811 

577 . 07 

5 

8.127 

1* . **0 

586.39 

586 . 39 

0 .00 

586 .39 

0 . *938 

0 .00 

-0.00 

-0.000 

23. *30 

6C3. 93 

19.811 

575.3* 

6 

7.738 

1 * . ** 3 

58* .68 

58* . 68 

0 .00 

58*. 68 

0 . * 97 6 

0 .00 

0 .00 

-0 .000 

23. *66 

603 . C* 

19.81* 

57* .62 

7 

7 . 327 

1* . **C 

580.90 

580 . 90 

0 .00 

580.90 

0 . * 9*6 

0 .00 

0 .00 

-0.000 

23. *15 

6C2.17 

19.810 

57*. 12 

5 

6 .888 

1* . **0 

575.08 

575.08 

0.00 

575.08 

0 .*897 

0 .00 

0.01 

-0.000 

23.3*0 

601 .*5 

19.810 

573.95 

9 

6 . *1* 

1* . **C 

565.** 

565.** 

0 .00 

565.** 

0 . *8 1 5 

0 .00 

0.02 

-0 .000 

23.223 

603.5* 

19.816 

573.95 

1C 

5.886 

1*.**0 

5**. 29 

5** .29 

0.00 

5**. 29 

0 . * 6 2 9 

0.00 

0 . 0* 

-0.001 

22.95* 

600.06 

19.81/ 

5/5. *0 

• i 

5 . 266 

1 * . ** 3 

*99.70 

*99.70 

0 .03 

*99.70 

0 .*237 

0 .00 

0.05 

-0.001 

22. *07 

599.7* 

19.803 

578.97 


HUB 5.1*0 1*.**0 


** VALUES CF PARAMETERS ON STREAMLINES AT STATION, 20, WHICH IS AN ANNULUS ** 


c-pr 

-MLINF 

AXIAL 

AXIAL 

MEP.D. 

TANG. 

A3S . 

ABS. 

ABS. FLOW 

STREAM. 

STREAM. 

TOTAL 

TOTAL 

STATIC 

STATIC 


RADIUS 

COORD . 

VEL. 

VEL. 

VEL. 

VEL. 

MACH NO. 

ANGLE 

SLOPE 

CURV. 

PRESS. 

TEMP. 

PPESS . 

TEMP. 


(IN. ) 

(IN. ) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC) 


(DEG) 

(DEG) 

(1 ./IN. ) 

(PSIA) 

( DEG . ?. . ) 

( FSIA ) 

(DEG.R. ) 

TIP 

9 .600 

16 . 00C 














9.531 

16.000 

588.85 

588.85 

C .00 

538.85 

0 . *950 

0 .00 

-0.00 

-0.000 

23. *21 

6)8. Cl 

19.811 

589.20 

2 

9.198 

16 . J00 

587.82 

587.52 

C . 00 

587.82 

0 . * 97* 

0.00 

-0 .00 

-0 .000 

23. *58 

610.16 

19.811 

531 .** 

7 

8.85* 

16 .000 

587 .39 

557 .39 

3.00 

587 .39 

0 .*979 

0 .00 

-0.00 

-0.000 

23. *68 

6 8 7 . 95 

19 .812 

579.26 

i . 

8. *98 

16. COO 

587.03 

587.03 

0 .00 

887 . C3 

0 . *986 

0.00 

-0.01 

-0.000 

23. *78 

6C5 . 72 

19.812 

577 . C8 

5 

8.127 

16 . COO 

586.38 

586 . 38 

O.CO 

586 . 38 

0 . * 988 

0.00 

-0 .01 

-0 .000 

23. <*80 

6 C3 . 9* 

19.811 

575 . 26 

t 

7.738 

16.000 

58*. 71 

58*. 71 

0.00 

55* .71 

0 . *977 

0 .00 

-0.01 

-0.000 

23. *66 

603.36 

19.31* 

57*. 63 

7 

7 . 327 

1 6 . C C 0 

580 . 9* 

580.9* 

0 .30 

580 . 9* 

0 . * 9 * 7 

0 .00 

-0 .01 

-0 .000 

23- *15 

602.19 

19.810 

57* . 13 

8 

6 .888 

16 . 0C0 

575.1* 

575.1* 

0.00 

575.1* 

0 . *8 98 

0 .00 

-0.02 

-0 .000 

23.2*0 

601.^6 

19.810 

573.96 

9 

6 . *1* 

16.000 

565. *9 

565. *9 

0 . CO 

56 5. *9 

0 .*816 

0 .00 

-0.02 

-o.oco 

23.223 

603.56 

19.816 

573.97 

13 

5.836 

16.000 

5**. 32 

5** . 32 

O.CO 

5**. 32 

0 . *6 3 0 

0 .00 

-0 .03 

-0.001 

22.95* 

6 C 0 . C 6 

19.817 

575. *1 

1 1 

5 .266 

16.000 

*99.62 

*99.62 

0.00 

*99.62 

0 . *2 36 

0 .00 

-0.0* 

-0.C01 

22. *07 

599.75 

19.33* 

578 . 99 


I 
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Table 10.3 Design code stage and overall performance predictions 


*** COMPUTED COMPRESSOR DESIGN PARAMETERS FOR A ROTATIONAL SPEED OF, 16042.8, RPM *** 

** THE CORRECTED WEIGHTFLOW PER UNIT OF CASING ANNULAR AREA AT THE INLET FACE CF THE FIRST SLADE ROW IS 38.78 L3S/SEC/FT SQ ** 


** MASS AVERAGED ROTOR AND STAGE AERODYNAMIC PARAMETERS ** 







TOTAL 

TOTAL 




FOR. AX. 

GAS BENDING MOMENTS 



STAGE 

BLADE 

FLOW 

HEAD 

ID. HEAD 

PRESS. 

TEMP. 

ADIA . 

POLY. 

ASPECT 

SH* FT 

FOR EACH 

BLADE 

TORQUE 

POWER 

NO. 

TYPE 

COEF. 

COEF . 

CCEF . 

RATIO 

RATIO 

EFF. 

EFF. 

RATIO 

THRUST 

FOR. AX. 

TANG. 













(IBS) 

(FT-LBS) 

(FT-LES) 

(FT-LBS) 

(H?) 

1 

ROTOR 

0.4280 

0.2355 

0.2600 

1.6293 

1.1652 

0 . 9060 

0 .9122 

1.55 

1C48 .83 

17.698 

-12.650 

698 .10 

2132.37 

1 

STATOR 

0.4152 

0.2229 

0.2600 

1 .5900 

1 . 1652 

0.8575 

0.8665 

2. C5 

-242.80 

2.310 

6 . 067 






** 

CUMULATIVE 

SUMS CF 

MASS AVERAGED ROTOR AND STAG 

E AERCD 

YEA MIC PAP 

AMETEP.S ** 









TOTAL 

TOTAL 





FCP. . AX. 




STAGE 

BLADE 

WEIGHT 

TOTAL 

TOTAL 

PRESS . 

TEMP. 

HEAD 

IDEAL HEAD 

ADIA. 

r C I Y . 

SHAFT 

TOP.QUE 

POWER 

FP.ACT 

NO. 

TYPE 

FLOW 

PRESS. 

7 r ‘i? . 

RATIO 

RATIO 

CCEF. 

COEF. 

EFF. 

EFF . 

THRUST 



ENERGY 


(LBS/SEC) 

( FSIA ) 

C DEG . ?..) 







(LES) ( 

FT-LBS) 

(HP) 


1 

INLET 

73.30 

14.666 

518. "C 











1 

ROTOR 

73.30 

23.896 

6C4 . 38 

1.6293 

1 .1652 

0.2355 

0.2603 

0 . 9C6C 

3 . 9122 

1043.80 

698.10 

2132.37 

1 .0 0 3 0 

1 

STATOR 

73.30 

23.318 

604.38 

1 .5900 

1 . 1652 

0.2229 

0.2600 

0 .85~5 

C .86 6 5 

836 . CO 
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Table 10.4 Rotor blade manufacturing coordinates generated by NASA design code 


NUMBER OF ELADES = 22.0 


** BLADE SECTION PROPERTIES OF ROTOR NO. 1 ** 

AXIAL LOCATION OF STACKING LINE IN COMPRESSOR = 0.941 IN. 


BLA 

OE SECTI 

CN ST 

ACHING POINT 

SECTION BLADE SECTION 

SECTION 

MOMENTS 

OF INERTIA 

IMAX 

SECTION 

SECTION 


RAD . 

COORDINATES 

SETTING C.G. 

COORDINATES 

AREA 

THROUGH C.G. 

SETTING 

TCP.SION 

TWIST 

NO 

LCC . L 

H 

ANGLE 

L 

H 


IMIN 

IMAX 

ANGLE 

CONSTANT 

STIFFNESS 


(IN 

. ) (IN 

.) (IN.) 

(DEG. ) 

(IN. 

) (IN.) 

(IN. )**2 

(IN. )**4 

(IN. )*«4 

(DEG. ) 

(IN. ) * *4 

(IN. )**6 

1 

1G.100 1.9307 -0.0030 

69.835 

1.9307 -0.0030 

0.27895 

0 .0 0 02066 

0.215474 

69.339 

0 . 0007290 

0.1777493 

2 

9.730 1.9210 0.0330 

64.181 

1.9210 0.0330 

0.27792 

0 .00 0 1 906 

0.211467 

64.201 

0 .000 7287 

0 . 1 7486 74 

3 

9.2C0 1.9160 0.0521 

59.444 

1.9160 0.0521 

0.29232 

0 . 0002576 

0.219638 

59.552 

0 .0008587 

0.1837134 

4 

8.650 1.9225 0.0560 

56.713 

1.9225 0.0560 

0 . 32400 

0.0003674 

0.240418 

56.493 

0.0011897 

0.2030173 

SECTION 

NO. 1 COORDINATES 

SECTION NO. 2 COORDINATES 

SECTION I 

HO. 3 COORDINATES 

SECTION 

NO. 4 COORDINATES 


T 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 


(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 


O.CCOO 

0.0073 

0 . 0G73 

0.0000 

0 .307 0 

0.0070 

0.0000 

0.0071 

0.0071 

0 .0 000 

0.00 78 

0 . 0078 


0.0069 

99 . 9999 

0.0146 

0 .0 064 

99. 9999 

0.0139 

0.0063 

99 . 9999 

0.0142 

0 . 0 068 

99.9999 

0.0156 


c . c: 7 c 

0.0030 

9 9 . 9 9 9 9 

0 . 0 0 7 0 

0 . 0 0 C 0" 

99 . 9999 

0.0073 

0.0000 99.9999 

0.0081 

0 . ccoc 

99 . 99 99 


: . icco 

-0 . C002 

0 . 0222 

0 . 1 300 

0.0011 

0 . 0229 

0.1000 

0.0019 

0 .0242 

0.1000 

0.0029 

0.0271 


c . 2 : : c 

-0.0010 

0 .0292 

0.2000 

0 . 0018 

0.0315 

0 .2000 

0.0037 

C .0 34 3 

0 .2000 

0.0057 

0.0388 


o. zc:c 

-0 .0025 

0.0351 

0 . 30 0 3 

0 .0022 

0 .0393 

0 . 3 0 0 C 

0 .0 0 52 

0.0436 

0.3000 

o no*? 

0 . 0 6 9 7 


o . 

-3 .0046 

0.0430 

0.4303 

0.0321 

0 . 0464 

0.4000 

0 .0 064 

0 .0524 

0.4000 

0.0103 

0 . 0 5 98 


C . 5 3 3 0 

-3 .0 072 

0 .044 3 

0.5033 

0.0017 

0 .0526 

0.5000 

0.0075 

0 . 0 6 0 5 

0 .5 0 0 0 

0.0120 

0 . C692 


0 . 6CC0 

-0.0102 

0.3471 

3.6333 

0.0011 

0 .0582 

0.6C00 

0 .0083 

0.0679 

0.6000 

0.0135 

0.0779 


0 . 7 C C 3 

-3 . Cl 35 

0.3494 

0.7030 

9.0002 

0.0631 

0.7000 

0.0089 

0.0748 

0.7000 

0.0146 

0 . 0859 


3.5333 

-C.0172 

0.0510 

0.8030 

-0.0010 

0 . 06 74 

0.8000 

0.0093 

0.C811 

0.8000 

0.0153 

0.0932 


0 9 ' * C 

-0 . 0212 

3.0519 

0 . 9300 

-C . 0023 

0.0712 

0.9000 

0 .0095 

0 .0868 

0.9000 

0.0158 

0.0999 


i . c c 5 o 

-0 . 0254 

0 .0523 

1 . 0 0 0 3 

-0.0037 

0 . 0744 

1.0000 

0.0096 

0.0920 

1.0000 

0.0160 

0.1058 


1.1003 

-0 . 0297 

C.C521 

1.1330 

- 0 . 0 0 53 

0.0771 

1.1000 

0.0095 

0.0966 

1.1000 

0.0160 

0.1111 


1 .2333 

-0 . 0340 

0 . 0515 

1 .2 3 0 0 

-3.0069 

0.0793 

1 .2000 

0.0093 

0.1007 

1 .2 0 0 0 

0.0156 

0.1158 


1 . 3 3 C C 

-0.0285 

0.C504 

1 . 3 0 C 3 

-0 . CC86 

0.0812 

1 . 3000 

0 .0090 

0 .1043 

1 . 30 C C 

0 .0150 

0.1198 


i . a::o 

-0.0428 

0.3493 

1.4033 

-3.3103 

0 . 0826 

1 . 4 0 00 

0.0087 

0.1075 

1.4000 

0.0142 

0.1232 


1.5033 

-0 .04 7 1 

0 . 04 74 

1 . 5330 

-0.0119 

0 . 0838 

1.5000 

0 . C 082 

0.1101 

1.5000 

0.0132 

0.1261 


i . c o c : 

-0.0512 

0 .0 455 

1 . 6CC0 

-0.0134 

0 . 0846 

1.6000 

0 . 0 0 7 7 

0.1124 

1.6000 

0.0120 

0.1283 


1.7030 

-0 .0 552 

0.0436 

1 .7 00 0 

-0.0148 

0 . 0852 

1.7000 

0.0073 

0.1142 

1.7000 

0.0106 

0.1300 


1 .8330 

-0 .0588 

0.0415 

1 .800 0 

-0.0161 

0 . 0856 

1.8000 

0 .0068 

0.1157 

1 .8000 

0.0091 

0.1312 


1 . 9C30 

-0 . 0621 

0.0393 

1 . 9 0 0 0 

-0.0171 

0 . 0859 

1.9000 

0 .0 062 

0.1167 

1.9000 

0 . 0 0 7 5 

0.1319 


2 . C C 0 0 

•0.0649 

0.0373 

2 .0000 

-0.0179 

0.0860 

2.0000 

0.0058 

0.1175 

2 . 0000 

0 .0 0 58 

0.1321 


2.1030 

-0 . 067 3 

C . 0 35 9 

2.1000 

-0 . 0183 

0 . 0862 

2.1000 

0.0059 

0.1180 

2.1000 

0.0039 

0.1316 


2.23C0 

-3 . 0691 

0.0349 

2.2000 

-0.0183 

0.0863 

2.2000 

0.0061 

0.1182 

2.2000 

0.0021 

0.1305 


2.3330 

-0.0705 

0 0 330 

2.3000 

-0.0182 

0 . 0864 

2.3000 

0 . C051 

0.1181 

2 . 3 C 0 0 

0.0007 

0 . 1286 


2.4CC0 

-0 .0711 

0.0308 

2.4000 

-0.0177 

0.0866 

2.4000 

0.0051 

0.1174 

2.4000 

-0 .0008 

0 . 1256 


2.5330 

-3.0696 

3.0323 

2.5000 

-0.0158 

0 . 0874 

2.5000 

0 .0058 

0.1158 

2.5000 

-0.0021 

0.1216 


2.6330 

-0 .06 58 

0.3288 

2 . 6 0 C 0 

-0.0141 

0 . 0889 

2.6000 

0.0059 

0.1130 

2.6000 

-0.0032 

0.1167 


2.7330 

-0.0611 

0.3407 

2.7000 

-0.0125 

0 . 0872 

2.7000 

0 .0057 

0.1091 

2.7000 

-0.0041 

0.1109 


2 . £ 3 G 3 

-0 .0567 

0.C287 

2.8333 

-0.0110 

0 . 0846 

2.8000 

0 .0055 

0.1041 

2 .8000 

-0 .0048 

0 . 1043 


2.9330 

-3 . 0522 

0.0419 

2.9033 

-0.0097 

0 . 0814 

2.9000 

0 .0 054 

0.0980 

2.9000 

-0.0052 

0.0969 


3. 0 3 3 0 

-0 . 04 74 

3 . 0429 

3.0030 

-0 . 0085 

0.0767 

3 .0000 

0 . 0052 

0.0908 

3.0000 

-0.0054 

0 . 0886 


3. 1033 

-0.0421 

0.0404 

3.1000 

-0.0073 

0 .0 7 04 

3. 1000 

0.0048 

0 . 0824 

3.1000 

-0 .00 53 

0.0795 


3.23C0 

-0 .0362 

0.0369 

3. 2000 

-0 .00 62 

0 . 0626 

3.2000 

0.0044 

0.0728 

3.2000 

-0 .0050 

0.0696 


3.3300 

-0 .0295 

0.0329 

3 . 3000 

-0.0050 

0 . 05 35 

3.3000 

0.0038 

0.0619 

3 . 3000 

-0 .0 0 43 

0.0589 


3 400 G 

-0 . C 2 i 7 

0.0277 

3.40C0 

-0 .0 0 37 

0 . 0428 

3.4000 

0.0030 

0.0497 

3.4000 

-0.0034 

0.0475 


2 . 5 3 C C 

-0.0127 

3.0213 

3.5000 

-0.0022 

0 . 0 30 5 

3.5000 

0.0019 

0.0361 

3.5000 

-0.0023 

0.0352 


3 . 6 3 3 3 

-0 . 0C21 

0.0139 

3.6300 

-0.0005 

0.0166 

3.60C0 

0 .0 0 0 7 

0.0210 

3.6000 

- 0 .00 08 

0.0222 


2.6182 

0 . 0 0 0 1 

99 . 9 9 99 

3.6247 

0 . cooo 

9 9. 9 99 9 

3 .6447 

0.0010 99.9999 

3.6491 

0.0000 

99.9999 


2.6211 

99.9999 

0.0122 

3.6273 

9 9 . 9 9 9 9 

0.0125 

3.6465 

99 . 9 99 9 

0.0135 

3.6505 

99 . 99 99 

0.0153 


3.6253 

0 . 0 06 3 

0 . 0 36 3 

3.6319 

0 .0 064 

0.0064 

3.6519 

0 .0 068 

0 .0 068 

3.6569 

0 .0 0 77 

0.0077 
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lable 10.4 Continued 


** BLADE SECTION PROPERTIES OF ROTOR NO. 1 ** 

NUMBER OF BLADES = 22.0 AXIAL LOCATION OF STACKING LINE IN COMPRESSOR = 0.941 IN. 


BLADE SECTION STACKING POINT 

SECTION BLADE SECTION 

SECTION 

MOMENTS 

OF INERTIA 

IMAX 

SECTION 

SECTION 



PAD 

COORDINATES 

SETTING C.G. 

COORDINATES 

AREA 

THROUGH C.G. 

SETTING 

TOP.SICN 

TWIST 


NO 

LOC 

L 

H 

ANGLE 

L 

H 


IMIN 

IMAX 

ANGLE 

CONSTANT 

STIFFNESS 



(IN. 

) (IN 

.) (IN.) 

(DEG. ) 

(IN. 

) (IN.) 

(IN . )**2 

(IN. )**4 (IN . )*»4 

(DEG. ) 

(IN. )**4 

(IN. ) * *6 


9 

6.150 1.8849 0.2149 

35 . 522 

1.8849 0.2149 

0 . 64225 

0.0045910 0.475551 

35. 118 

0 . 0 0 906 6 5 

0 . 40 15445 


10 

5.650 1.8439 0.2711 

28 .553 

1.8439 0.2731 

0.71637 

0.0074531 0 . 5 3 24 C 3 

28.683 

0. 0 1 235 91 

0 . 4 38 704 7 


1 1 

5.150 1.8368 0.3554 

21.417 

1.8368 0.3554 

0.77157 

0.0118065 0.567879 

22.015 

C . 0 1 538 58 

0 . 4638299 


12 

4 . *50 1.8 

388 0.4473 

14.489 

1.8388 0.4473 

0.81317 

0.0175734 0.594534 

15.523 

0.0178553 

0 .4918953 


SECTION NO. 9 COORDINATES 

SECTION NO. 1C COORDINATES 

SECTION NO. 11 COORDINATES 

SECTION 

NO. 12 COORDINATES 



L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 



(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 



0 .0 0 0 0 

0.0140 

0.0140 

0.0000 

0.0153 

0.0153 

0 .0 0 0 0 

0.0164 

0.0164 

0.0000 

0.0172 

0.0172 



0.0095 

99 . 9999 

0.0273 

0 . OC90 

99 . 9 999 

0 .0292 

0 .0083 

99 . 9999 

0.0306 

0.0076 

999999 

0.0315 



0.0161 

0. CC01 

99 . 9999 

0 . C180 

0 . 0 0 02 

99.9999 

0 . 0205 

0.0005 

99.9999 

0.0231 

0 . 0010 

99.9999 



0 . 10C0 

3.0164 

0 . 0631 

0 . 1C03 

0 . C189 

0.0748 

0. 10C0 

0.0254 

0.0871 

0.1000 

0 . 0337 

0.0994 



0 . 2C00 

0 . 0 344 

3.1003 

0 . 2CC0 

0 . 04 0 5 

0 .1218 

0 . 2000 

0 .0551 

0.1445 

0.2000 

0.0743 

0.1678 



0.3000 

C . C508 

0.1353 

C . 3C00 

0 . 0 6 07 

0.1655 

0 . 300 0 

0.0832 

0.197 9 

0 . 30 0 0 

0.1118 

0.2314 



0 . 4C0C 

0 . 06 5^ 

0.1679 

0 . 4 C C 0 

0.0796 

0.2061 

0 .400 0 

0.1096 

0.2475 

0 . 4000 

3.1472 

0.2906 



0 . 50 C 0 

0.3792 

0.1983 

0 . 5 C C 0 

C . 0971 

0.2436 

0.5300 

0.1343 

0.2935 

0.5000 

0.1800 

0.3456 



0 . 6 0 C 0 

0 . C913 

0 .2265 

0.6000 

0.1133 

0.2781 

0.6000 

0 .1573 

0 . 336 0 

C.6000 

C . 2 1 C 4 

0 . 3966 



0.7000 

0.1021 

0 .2524 

0 . 7 0 0 0 

C . 1282 

0.3101 

0.7000 

0 .1784 

0.3748 

0.7000 

0.2381 

0.4436 



0.5000 

0.1115 

0.2761 

0.8000 

C . 1419 

0.3396 

0.8000 

0.1974 

0.4103 

0.8000 

0.2635 

0 . 4868 

, 


0 . 90 0 0 

0.1197 

0 .2977 

0.9000 

0 .1543 

0 . 3656 

0.9000 

0.2151 

0.4434 

0 . 90 0 0 

0 . 2868 

0 . 526 1 

00 


1 . C C 0 0 

0.1268 

0.3171 

1 .0 0 0 0 

0 .1648 

0 . 3880 

1 .000 0 

0.2313 

0.4729 

1.0000 

0.3080 

0.5614 

CO 


1 . 1000 

0. 1326 

0.3344 

1 . 1000 

C . 1747 

0.4096 

1.1000 

0.2456 

0 .4988 

1.1000 

0 . 3273 

0 . 5930 



1 .2000 

0.1372 

0.3496 

1 . 200C 

0 . 1836 

0.4284 

1.2000 

0.2584 

0.5216 

1 .2000 

0 . 3444 

0.6210 



1 .3000 

0.1408 

0 . 3627 

1 .3 0 0 0 

C . 1910 

0 .4439 

1 . 3000 

0.2696 

0.5415 

1 .30 0 0 

0 . 3595 

0.6454 



1.4000 

0.1434 

0.3735 

1.4000 

0.1971 

0.4566 

1.4000 

0.2792 

0 . 5584 

1 .4 0 0 0 

0 . 3726 

0.6663 



1 . 50C0 

0 . 1452 

0 . 3820 

1 .50 0 0 

0.2020 

0.4671 

1 .500 0 

0.2871 

0 . 572 1 

1.5000 

C . 3835 

0.6836 



1 . 60 00 

0.1461 

0 . 3883 

1.6003 

0.2058 

0.4750 

1.6000 

0.2933 

0 . 582 9 

1.6000 

0 . 3924 

0.6974 



1.7000 

0 .1463 

0 . 3924 

1.7000 

0 .2083 

0.4805 

1.7000 

0.2979 

0.5907 

1.7000 

0.3991 

0.7077 



1 .80 0 0 

0 . 1456 

0 .3943 

1.8000 

0.2095 

0.4833 

1.8000 

0 .3 007 

0.5954 

1 .8000 

0.4037 

0.7144 



1.9000 

0.1441 

0.3941 

1 . 90CC 

0 .20 96 

0.4837 

1 . 9000 

0.3019 

0.5972 

1 . 9000 

0.4059 

0.7175 



2 . 000 0 

0 . 1418 

0.3917 

2.0000 

0 .2084 

0.4816 

2. 030 0 

0.301.2 

0 . 5958 

2.0000 

0.4059 

0.7170 



2 . 1000 

0.1387 

0 . 3872 

2 . I C 0 0 

0.2059 

0.4769 

2.1000 

0.2988 

0.5913 

2.1000 

0.4034 

0.7127 



2 .2000 

0.1349 

0.3806 

2.2000 

0.2022 

0.4696 

2.2300 

0.2944 

0 . 5835 

2 .2000 

0 . 3985 

0.7045 

© O 


2.3000 

0.1303 

0.3719 

2 . 3 0 C 0 

0.1972 

0.4598 

2.3000 

0.2882 

0.5725 

2 .3000 

0.3910 

0 6 923 

^ , } 


2.4000 

0.1249 

0.3611 

2. 4030 

0.1909 

0.4472 

2.4000 

0.2800 

0.5580 

2.4000 

0 . 380 7 

0.6758 



2.5000 

0.1188 

0.3481 

2.5000 

0 . 1832 

0.4320 

2.5000 

0.2697 

0.5399 

2.5300 

0.3676 

0.6549 



2 . 6 C C 0 

0 . 1 1 2 C 

0.3330 

2.6CC0 

0 .1743 

0.4139 

2.6000 

0.2573 

0.5181 

2.6030 

0.3515 

0.6293 

<5 


2 . 7 C 0 0 

0 . 1C45 

0.3158 

2.7000 

0.1640 

0 . 3930 

2.7000 

0.2427 

0 .492 3 

2.7000 

0 . 3322 

0 . 5986 

o gr 


2.5200 

0 . 0 96 2 

0.2963 

2.80C0 

C .1522 

0.3690 

2.8000 

0.2257 

0 .462 3 

2 .8000 

0.3094 

0.5625 

;o P* 


2 . 9 C 0 0 

0 . 087 3 

0 .2746 

2. 90 0 0 

0.1391 

0 . 3418 

2.9000 

0.2063 

0.4278 

2.9000 

0 . 2831 

0 5204 



3 . C 0 0 0 

3 . 0777 

0 .2506 

3.0000 

0 . 1244 

0.3114 

3.0000 

0 . 1843 

0 . 3885 

3 .0 00 0 

0 .2527 

0.4718 

O T 


3.1000 

0.3675 

0 .2243 

3. 1C00 

0 . 1082 

0.2774 

3.1000 

0 .1594 

0.3438 

3.1000 

0.2181 

0.4159 

a £ 


3 . 20CC 

0 . 3566 

0.1956 

3.2C30 

0.0905 

0.2396 

3.2030 

0.1317 

0 . 2932 

3.2000 

0 . 1788 

C . 35 1 7 

>*, ?■ 


3 . 3C CO 

0 .0 45 1 

0 . 1644 

3.3000 

0.0711 

0.1978 

3.3000 

0.1007 

0.2362 

3 . 30 0 0 

0 . 1344 

0.2783 



3.4003 

0.0329 

0.1306 

3.4CC0 

0.0499 

0.1516 

3.4000 

0.0663 

0.1718 

3 .4 0 0 0 

0.0843 

0.1940 



3 . 5 C 0 0 

0 . 0 2 C 2 

0 .0 94 1 

3.5000 

0.0270 

0 .1005 

3.5000 

0 .0281 

0 .0992 

3 . 5000 

0.0279 

0.0969 



3.6000 

0.CC68 

0 .0548 

3.6000 

0.0021 

0.0442 

3.5659 

0.0008 

99.9999 

3.5428 

0.0016 

99 9999 

•< to 


3.6490 

0.0301 

99 . 9999 

3 . 6C68 

0 . C003 

99.9999 

3.5814 

99.9999 

0.0330 

3.5613 

99 . 9999 

0.0300 



3.6566 

99.9999 

0.0312 

3.6184 

99.9999 

0 .0331 

3.5892 

0.0181 

0.0181 

3.5671 

0.0172 

0.0172 



3.6669 

0.0162 

0 . C162 

3.6278 

0.0176 

0 .0176 
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** ELADE SECTION PROPERTIES OF ROTOR NO. 1 ** 




NUMBER OF 

BLADES = 

22.0 

AXIAL 

LOCATION 

OF STACKING LINE IN 

COMPRESSOR 

= 0.941 

IN. 


BLADE 

SECTION 

STACKING 

POINT 

SECTION 

BLADE 

SECTION 

SECTION 

MOMENTS OF INERTIA 

IMAX 

SECTION 

SECTION 


PAL. 

COORDINATES 

SETTING 

C.G. COORDINATES 

AREA 

THROUGH C.G. 

SETTING 

TORSION 

TWIST 

NO. 

LOC. 

L 

H 

ANGLE 

L 

H 


IMIN 

IMAX 

ANGLE 

CONSTANT 

STIFFNESS 


(IN. ) 

(IN. ) 

(IN. ) 

(DEG. ) 

(IN. ) 

(IN. ) 

(IN. )**2 

(IN. ) *■ * 4 

(IN. )**4 

(DEG. ) 

(IN. ) * * 4 

(IN. ) w 6 

5 

8. 150 

1.9332 

0.0695 

53 . 9 6 4 

1 . 9332 

0.0695 

0 . 366 99 

0 .0 0 0 57 0 9 

0 . 2658 99 

53.591 

0.0017605 

0.2285616 

6 

7.650 

1 . 9284 

0.0922 

50 .491 

1 . 9284 

0.0922 

0.42462 

0.0009668 

0 . 3084 7 0 

49.993 

0.0027434 

0.2622730 

7 

7.150 

1.9178 

0.1233 

46 .376 

1.9178 

0.1233 

0.491C0 

0.0016445 

0 . 355827 

45.871 

0 .0042279 

0 . 3C17C55 

8 

6.650 

1.9090 

0.1633 

41.511 

1 . 9090 

0.1633 

0 . 56203 

0.0027611 

0.407783 

40 . 951 

0.0C62901 

0 . 3447527 


SECTION 

NO. 5 COORDINATES 

SECTION 

NO. 6 COORDINATES 

SECTION 

NO. 7 COORDINATES 

SECTION 

NC. 8 COORDINATES 

T 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 

(IN. ) 

( IN . ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

0 .0 0 0 0 

0.0088 

0 .0058 

c . oocc 

0 . 0100 

C . 0100 

0.0000 

0.0113 

0.0113 

0 .0 0 0 0 

0.0127 

0.0127 

0.0075 

99.9999 

0.0175 

0 .0083 

99 . 99 9 9 

0.0198 

0 .0089 

99 . 9999 

0 . 0223 

3 . 30 9 3 

99 . 9999 

3.0249 

0 .0092 

0.0000 

99.9999 

0.0106 

0 . 0 00 0 

99 . 9999 

0.0123 

0 .0000 

99. 9999 

0.0142 

C . 0 0 3 1 

99.9999 

0.1000 

0.0046 

0.0312 

0 . 10CC 

0.0068 

0.0371 

0.1000 

0.0092 

0.0440 

0.1000 

C . 0128 

0 .0526 

0.2000 

0.0091 

0 . 0452 

0.2000 

C . 0137 

0.0549 

0.2000 

0.0188 

0 . 06 6 6 

0.2030 

0 . 0 26 5 

0.0815 

0 . 30 0 0 

0.0131 

0 .0584 

0.3003 

0.0195 

0 . 0716 

0 . 30C0 

0 .0275 

0 . 0878 

0.3000 

0.0393 

0 . 1086 

0.4000 

0.0165 

0.0706 

0.4000 

C . 025 3 

0 . 087 3 

0.4000 

0 .0353 

0.1077 

0.4000 

3 . 0534 

0.1341 

0.5000 

0.0195 

0 . 0820 

0.5000 

0.0300 

0.1019 

0.5000 

0 . 3422 

0.1262 

0 . 5 C C 0 

C . 0635 

0.1579 

0 . 6CC0 

0 . 0220 

0.0926 

0 . 6 0 0 0 

0.3341 

0.1154 

0 .6000 

0 .0453 

0.1435 

0 . 6C0C 

0.0695 

0.1531 

0.7000 

0 0240 

0.1023 

0.7000 

0 .0 37 4 

0. 1279 

0.7000 

0 .0535 

0 .1595 

0 . 7 0 0 0 

0.0774 

0.2006 

0 .8 0 00 

0 .0255 

0.1112 

0.8000 

0.0432 

0.1394 

0.8000 

0.0579 

0.1743 

0.8030 

0.0841 

0.2194 

0.9000 

0.0266 

0.1193 

0 . 90 0 0 

0 . 0422 

0 .1498 

0 . 9000 

0.0614 

0.1877 

0.9000 

0 . 0897 

0.2367 

1.0000 

0 .0272 

0 .1266 

1.0000 

0.0437 

0.1593 

1 .0 0 0 0 

0 .0642 

0.2000 

1.0 3 0 0 

0.0942 

0.2524 

1.1000 

0 . 0274 

0.1331 

1.1000 

0.C445 

0 . 1677 

1.1000 

0.0661 

0.2110 

1 . 1000 

0 .0 976 

0 .2666 

1.2000 

0.0271 

0.1358 

1.2000 

0 . 0448 

0.1752 

1.2000 

0 . 06 7 3 

0.2208 

1 .20 0 0 

0.0999 

0.2790 

1.3000 

0.0265 

0.1438 

1.3000 

0.0444 

0.1817 

1 . 3000 

0 . 0677 

0.2294 

1.3003 

0.1012 

0.2898 

1.4000 

0 . 0255 

0 .1481 

1.4000 

0 . 0436 

0.1873 

1.4000 

0 . 0674 

0.2369 

1 .4 0 0 0 

0.1015 

0.2996 

1 . 5000 

C . 0241 

0.1516 

1.5000 

0 . 0421 

0.1919 

1.5000 

0.0663 

0.2432 

1.5000 

0.1011 

0.3073 

1.6000 

0 . 0224 

0 .1545 

1.6000 

0 . 0402 

0.1957 

1.6000 

0 .0647 

0.2483 

1.6000 

3.1332 

0.3127 

1.7000 

0 . C 2 0 5 

0.1567 

1.7000 

0.0379 

0.1986 

1 .7 0 00 

0 . 0627 

0.2519 

1 . 7C0C 

0.0987 

0.3163 

1.8000 

0.0182 

0.1552 

1.8000 

0 .0 35 1 

0.2305 

1.8000 

0.0604 

0.2537 

1 .800 3 

3.0967 

0.3181 

1 . 9C00 

0.0155 

0.1591 

1.9000 

0.0322 

0.2011 

1 . 9000 

0 .0578 

0.2539 

1 . 9C00 

0.0943 

0.3179 

2.0000 

0.0129 

0.1591 

2.0CC0 

0 . 0292 

0.2003 

2.0000 

0 .0549 

0.2525 

2.0000 

G.C913 

0.3159 

2.1000 

0.0103 

0.1552 

2.1000 

0 . 0262 

0.1981 

2.1000 

0 0518 

0.2496 

2.1000 

0 . 0879 

0.3120 

2.2000 

0 .0 078 

0.1560 

2.2000 

0 . 0232 

0.1947 

2.2000 

0 . 0486 

0.2451 

2.20 3 0 

3 . 0 54 0 

3 .3 364 

2 . 3 0 C 0 

0.0054 

0.1528 

2.3000 

0 . 0202 

0.1903 

2.3000 

0 . 0451 

0.2392 

2.3003 

0.0795 

0.2989 

2.4000 

0.0033 

0 . 1485 

2.4000 

0.0172 

0.1841 

2.4000 

0.0415 

0.2317 

2.4030 

0.0752 

0.2897 

2.5C00 

0 . CC13 

0.1432 

2.5000 

0.0143 

0.1769 

2.5000 

0.0378 

0.2228 

2.5C0C 

0.3702 

0.2786 

2.6000 

-0 . 0 0 05 

0.1368 

2.6000 

0.0116 

0.1686 

2.6000 

0.0341 

0.2124 

2.6000 

0.0649 

0.2659 

2.7000 

-0 . 0 C 2 0 

0 . 1296 

2.7003 

0.3090 

0.1592 

2.7003 

0.0303 

0.2007 

2.7000 

0 . 0 5 9 3 

0.2514 

2.8000 

-0 .0033 

0.1213 

2.8003 

0 .0 066 

0 . 1487 

2.8000 

0 . 0265 

0.1875 

2.80C0 

0.3535 

0.2351 

2.9000 

-0 . 0 342 

0.1122 

2.9030 

0.0044 

0.1371 

2.9000 

0 . 0227 

0.1730 

2 . 9300 

0.0475 

0 .21 7 1 

3.0000 

-3.0049 

0.1022 

3.0300 

0 .0 025 

0 .1245 

3.0000 

0.0190 

0 . 1572 

3.0030 

3. 0413 

0.1974 

3.1000 

-0.3352 

0.0913 

3.1030 

0 . 0C09 

0.1108 

3.1000 

0 . C154 

0.1400 

3 . 1000 

0.0349 

0.1759 

3.2000 

-0.0051 

0.0796 

3.2030 

-0 .0 0 0 3 

0.0963 

3.2300 

0.0120 

0 . 1216 

3 2 0 C 0 

0 0284 

0.1526 

3. 300 0 

-0.0047 

0.0671 

3.3003 

-0.0011 

0 . 0808 

3 . 3000 

0.0088 

0.1018 

3.3000 

0.0219 

0.1276 

3.4000 

-0.3039 

0.0539 

3.4003 

-0.0014 

0 . 0644 

3.4000 

0 .0058 

0.0809 

3. 4 0 0 0 

0.0154 

0 . 1009 

3.5000 

-C.C026 

0.0398 

3.5000 

-C . 0013 

0 . 0472 

3.5000 

0.0031 

0.0586 

3.5000 

0.0089 

0.0723 

3.6000 

-0.0009 

0.0251 

3.6300 

- 0 . 0 0 0 5 

0 .0292 

3.6000 

0 .0 0 08 

0.0352 

3. 6 0 0 0 

0 . 0 025 

0.0418 

3 .6462 

-0.0000 

99 . 9999 

3.6420 

0 . occo 

99 . 9999 

3.6413 

0 . cooo 

99 . 99 99 

3.6385 

0.1016 

99.9999 

3.6478 

99.9999 

0.0178 

3.6443 

9 9 . 99 99 

0.0209 

3 .6448 

99 . 9999 

0.0243 

3.6437 

99 9999 

0.0279 

3.6552 

0.0390 

0.0090 

3.6527 

0.0106 

0.0106 

3.6540 

0.0124 

0 .0124 

3.6537 

0.0143 

0.0143 
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** BLADE SECTION PROPERTIES OF ROTOR NO. I *» 




NUMBER OF 

BLADES = 

22.0 

AXIAL 

LOCATION 

OF STACKING LINE IN 

COMPRESSOR 

= 0.941 

IN. 


BLADE 

SECTION 

STACKING 

POINT 

SECTION 

BLADE 

SECTION 

SECTION 

MOMENTS OF INERTIA 

IMAX 

SECTION 

SECTION 


RAD . 

COORDINATES 

SETTING 

C.G. COORDINATES 

AREA 

THROUGH C.G. 

SETTING 

TORSION 

TWIST 

NO. 

LOC. 

L 

H 

ANGLE 

L 

H 


IMIN 

IMAX 

ANGLE 

CONSTANT 

STIFFNESS 


(IN. ) 

(IN. ) 

(IN. ) 

(DEG. ) 

(IN. ) 

(IN. ) 

(IN. )**2 

(IN. )**4 

(IN. )**4 

(DEG. ) 

(IN. )'*4 

(IN. ) * * 6 

13 

4.200 

1 .8388 

0.5192 

8.880 

1 .8388 

0.5192 

0.83726 

0 . 0231 597 

0 .613628 

10.392 

0.0191505 

0 .5182821 

14 

3.700 

1.8317 

0.5610 

3.836 

1.8317 

0.5610 

0.84587 

0 . 0294 368 

0 .6 3024 1 

6.240 

0.0190949 

0 .5 1 9258 3 

15 

4.302 

1.8392 

0.5048 

10 .083 

1.8392 

0.5048 

0.83301 

0.0219077 

0 .6096 06 

11.466 

0 .0 189553 

0 .5 122277 


SECTION 

NO. 13 COORDINATES 

SECTION 

NO. 14 COORDINATES 

SECTION 

NO. 15 COORDINATES 

L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

C . 0 0 0 0 

0.0177 

0.0177 

0.0000 

0.0180 

0.0180 

0.0000 

0.0176 

0.0176 

0.0071 

99 . 9999 

0.0319 

0.0066 

9 9 . 9 999 

0.0320 

0 .0 0 72 

99 . 9999 

0.0318 

0 . 0251 

0 . 0016 

99.9999 

0.0267 

0 .0 022 

99.9999 

0 . 0247 

0.0015 

99.9999 

0.1000 

0.0414 

0.1095 

0.1000 

0 . 0487 

0.1183 

0.1000 

0 .0397 

0.1073 

0.2000 

0.0916 

0 . 1874 

0.2000 

0 .1076 

0.2036 

0.2000 

0 . 0877 

0.1832 

0 . 3C00 

0.1382 

0.2598 

0 . 3C00 

0 . 1616 

0.2870 

0.3000 

0.1325 

0.25 36 

0.4000 

0.1809 

0.3270 

0.4000 

0.2155 

0 . 36 72 

0.4000 

0.1733 

0.3188 

0.5CC0 

0.2212 

0 . 3920 

0.5000 

0.2543 

0.4214 

0.5C00 

0.2124 

0.3825 

0.6000 

0.2589 

0.4505 

0.6000 

0.2906 

0.4943 

0.6000 

0.2497 

0 .4 395 

0.7000 

0.2901 

0 . 5025 

0.7000 

0.3351 

0.5622 

0.7000 

0.2789 

0.4892 

0.8000 

0.3203 

0.5521 

0.8000 

0 . 3722 

0.6152 

0.8000 

0.3078 

0.5375 

0.9C00 

0.3491 

0.5974 

0.9000 

0.4035 

0.6620 

0 .90 00 

0 . 3356 

0.5820 

1.0000 

0.3751 

0.6377 

1.0000 

0.4334 

0.7C67 

1 .00 00 

0.3607 

0.6212 

1.1000 

0 . 3985 

0.6736 

1 . 1000 

0.4621 

0 .7474 

1.1000 

0.3831 

0.6561 

1.2000 

0.4196 

0 .7056 

1 . 2 0 C 0 

0.4882 

0.7828 

1.2000 

0.4032 

0.6873 

1 .30 0 0 

0.4385 

0.7337 

1 . 3C00 

0.5115 

0.8134 

1.3000 

0.4212 

0.7146 

1.4000 

0.4549 

0.7577 

1 .4 0 0 0 

0 .5323 

0.8399 

1 .40 00 

0.4369 

0.7380 

1 . ^0 0 n 

0.4690 

0.7778 

1.5000 

0.5535 

0.8624 

1.5000 

0.4502 

0.7575 

1.6000 

0.4805 

0.7940 

1.6000 

0 . 56 59 

0.8808 

1.6000 

0.4611 

0.7732 

1 .7000 

0.4896 

0.8063 

1.7000 

0.5785 

0.8951 

1.7000 

0.4695 

0.7850 

1.8000 

0.4961 

0.8147 

1 .8 0 0 0 

0.5882 

0.9053 

1.8000 

0.4755 

0.7 930 

1 . 9 C 0 0 

0.4999 

0.8191 

1.9030 

0 . 5949 

0.9113 

1 . 9000 

0.4789 

0.7971 

2.0000 

0 .5009 

0.8194 

2.0000 

0 .5984 

0.9130 

2.0000 

0.4796 

0 .7 972 

2. 1000 

0.4990 

0.8155 

2. 10C0 

0.5986 

0.9103 

2.1000 

0.4775 

0.7932 

2.2CC0 

0.4942 

0.8072 

2.2000 

0.5954 

0.9031 

2.2000 

0.4726 

0.7849 

2.3000 

0.4862 

0.7944 

2.3000 

0 . 5885 

0.8910 

2.3000 

0.4646 

0.7721 

2.4000 

0.4748 

0.7769 

2.4000 

0 . 5777 

0.8739 

2.4000 

0.4533 

0.7547 

2.5000 

0.4599 

0.7543 

2.5000 

0.5627 

0.8514 

2.5000 

0.4387 

0.7 324 

2.6000 

0.4412 

0.7262 

2. 6 0 0 0 

0 . 5433 

0.8231 

2.6000 

0.4205 

0.7048 

2.7000 

0.4185 

0.6924 

2.7000 

C .5190 

0 . 7885 

2.7030 

0 . 3984 

0.6714 

2.8000 

0 . 3914 

0.6521 

2.8000 

0.4894 

0.7470 

2.8000 

0.3722 

0.6319 

2.9000 

0.3595 

0.6048 

2.9003 

0.4539 

0.6977 

2.9000 

0.3415 

0 . 5856 

3.0CC0 

0 . 3225 

0.5497 

3.00C0 

0.4119 

0.6395 

3.0000 

0.3058 

0. 5317 

3. 1000 

0.2797 

0.4856 

3.1000 

0 . 3624 

0.5713 

3.1C00 

0.2648 

0.4692 

3.2000 

0.2305 

0.4114 

3.2000 

0 . 30 43 

0.4906 

3.2000 

0.2177 

0 . 3970 

3.3000 

0.1742 

0 . 3250 

3. 30 00 

0.2362 

0 .3949 

3.3000 

0 .1640 

0.3133 

3.4000 

0.1096 

0.2243 

3.4000 

0 .1558 

0.2796 

3.4000 

0 .1027 

0.2161 

3.5CC0 

0.0354 

0.1057 

3.5000 

0 .0596 

0.1363 

3.5000 

0.0327 

0.1023 

3.5397 

0 . 0C3C 

99 . 9999 

3.5473 

0.0C72 

99.9999 

3.5392 

0.0026 

99.9999 

3.5602 

99.9999 

0 . 0237 

3.5688 

99 . 9999 

0.0125 

3.5593 

99 . 9999 

0.0255 

3.5633 

0.0147 

0.0147 

3.5688 

0.0111 

0.0111 

3.5631 

0.0154 

0.0154 


ORIGINAL PAGE IS 
OF POOR QUALITY 


Table 10.5 


Stator blade manufacturing coordinates generated by NASA design code 


*« BLADE SECTION PROPERTIES OF STATOR NO. 1 FOLLOWING P.OTOP. NO. 1 ** 



NUMBER OF BLADES = 

34 . 0 

A 

XIAL LOCATION 

OF STACKING LINE IN 

i COMPRESSOR 

= 5.200 

IN. 


BLADE SECTION STACKING POINT 

SECTION BLADE SECTION 

SECTION 

MOMENTS 

OP INERTIA 

IMAX 

SECTION 

SECTION 

BAD 


COORDINATES 

SETTING C.G. 

COOPDINATES 

AREA 

THROUGH C.G. 

SETTING 

TCPSICM 

T^IST 

NO. LOC 


L H 

ANGLE 

L 

H 


IMIN 

IMAX 

ANGLE 

CONSTANT 

STTPPNESS 

(IN. 

) (IN.) (IN.) 

(DEG. ) 

(IN. 

) ( IN . ) 

(IN. ) **2 

(IN. )**4 

(IN. )**4 

(DEG. ) 

(IN. ) • * 4 

(IN. )*-6 

9 5.075 1. 

1349 0.2522 

17.152 

1.1349 0.2522 

0.23510 

0.0016577 

0 .0 721 33 

17.569 

0 .0 0 1 02 99 

0 . 024 1 9 35 

10 A. 750 1. 

1341 0.2791 

16 . 929 

1.1341 0.2791 

0 .23051 

0.0019127 

0.070614 

17 . 521 

0. 0 3 0 96 34 

0.0236715 

11 9.600 1. 

1352 0.2291 

10.180 

1.1352 0.2291 

0 . 32621 

0.0023691 

0 .108565 

10.189 

0 .0025315 

0 .0 3 72 96 0 

SECTION NO. 9 COORDINATES 

SECTION NO. 10 COORDINATES 

SECTION 1 

HO. 11 COORDINATES 




L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 




(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 




0 . cooo 

0.0126 

0 .0126 

0.0000 

0.0114 

0 . C114 

0 .0000 

0.0297 

0 . 0297 




0 .0053 

99.9999 

0 . 0229 

0 . 0C44 

99 . 9999 

0 . 02 04 

0.0134 

99.9999 

C.C545 




0.0179 

0.0012 

99.9999 

0.0167 

0.0013 

9 9 . 9 9 99 

0 . 04 05 

0.0020 99.9999 




0.1030 

0.0372 

0 . 0853 

0.1000 

0 . 0428 

0 . 0896 

0.1000 

0 . 0247 

0.1086 




0 .2000 

0.0771 

0 .1438 

0.2000 

0 . C 88 0 

0.1536 

0.2000 

0 .0596 

0.1638 




0 . 3030 

0.1127 

0.1952 

0 . 3 0 0 0 

0.1285 

0.2397 

0 . 3000 

0.0905 

0.2120 




0 . 4000 

0 .1443 

0.2401 

0 . 40C0 

0.1641 

0.2586 

0.4000 

0.1176 

0.2536 




0.5000 

0.1717 

0.2789 

0 . 5C00 

0.1954 

0.3010 

0.5000 

0.1409 

0.2892 




0.6000 

0.1952 

0.3118 

0.6CC0 

0.2218 

0.3365 

0.6000 

0. 1608 

0.3191 




0.7000 

0.2148 

0 . 3390 

0.7000 

0.2441 

0.3661 

0.7000 

0.1773 

0.3436 




0.8003 

0.2306 

0 . 3606 

0 .8 0 0 0 

0.2622 

0.3897 

0 . 8C00 

0.1897 

0 . 3626 




0 . 9000 

0.2426 

0 . 3769 

0 . 9 0 0 C 

3.2760 

0.4075 

0 . 9 0 C 0 

0.1997 

0.3770 




1.0000 

0.2509 

0.3879 

1.0000 

0 . 28 56 

0.4196 

1 .0 0 0 0 

0.2058 

0.3861 




1.1000 

0.2553 

0 .3935 

1 . 1C0C 

0.2910 

0.4261 

1.1000 

0 .2087 

0.3903 




1 .2000 

0.2559 

0 .2940 

1 .2 0 0 0 

0.2920 

0.4270 

1.2000 

0.2082 

0 . 38 9 7 




1 . 3000 

0.2527 

0 . 3891 

1.3000 

0.2887 

0.4221 

1 . 3C00 

0 .2045 

0.3841 




1 .4000 

0.2454 

0 . 3789 

1 . 4 0 00 

0.2808 

0.4115 

1.4000 

0.1973 

0 . 37 36 




1 . 5000 

0.2341 

0 . 3630 

1.5000 

0.2684 

0 .3948 

1 .500 0 

0.1869 

0 . 3583 




1 .6 0 0 0 

0.2186 

0.3415 

1 .6 0 0 0 

0.2511 

0.3718 

1 .6000 

0.1729 

0 . 3372 




1.7000 

0.1987 

0.3138 

1 .7 0 0 0 

0.2288 

0.3421 

1.7000 

0.1556 

0.3111 




1 .8000 

0.1742 

0.2796 

1 .8 0 00 

0 . 2010 

0 . 3051 

1 .800 0 

0.1347 

0.2795 




1.9000 

0 .1449 

0.2385 

1.9000 

0.1676 

0.2601 

1.9000 

0.1102 

0 . 2421 




2 . 0C00 

0.1105 

0 . 1896 

2 .0 000 

C . 1279 

0 .2C62 

2.0000 

0.0819 

0.1985 




2.1000 

0.0705 

0 .1321 

2.1000 

0.0813 

0.1419 

2.1000 

0.0499 

0.1483 




2.2000 

0 . 0246 

0 . 0647 

2.2000 

0.0271 

0 .06 55 

2.2000 

0.0139 

0 .0 908 




2.2460 

0.0012 

99 . 9999 

2.2426 

0.3015 

99.9999 

2.2305 

0.0020 99.9999 




2.2582 

99 . 9999 

0.0203 

2.2546 

99 . 9 9 9 9 

0.0177 

2.2576 

99.9999 

0.0542 




2.2626 

0.0114 

0.0114 

2.2580 

0.0102 

0.0102 

2.2709 

0.0296 

0 . 0296 
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Table 10.5 Continued 


** BLADE SECTION PROPERTIES OF STATOR NO. 1 FOLLOWING ROTOR NO. 1 ** 




NUMBER OF 

BLADES = 

34 . 0 

AXIAL 

LOCATION 

OF STACKING LINE IN 

COMPRESSOR 

= 5.200 

IN. 


BLADE 

SECTION 

STACKING 

POINT 

SECTION 

BLADE 

SECTION 

SECTION 

MOMENTS OF INERTIA 

IMAX 

SECTION 

SECTION 


RAD. 

COORDINATES 

SETTING 

C.G. COORDINATES 

AREA 

THROUGH C.G. 

SETTING 

TORSION 

TWIST 

NO. 

LOC. 

L 

H 

ANGLE 

L 

H 


IMIN 

IMAX 

ANGLE 

CONSTANT 

STIFFNESS 


(IN. ) 

(IN. ) 

(IN. ) 

(DEG. ) 

(IN. ) 

(IN. ) 

(IN. )**2 

(IN. )**4 

(IN. ) **4 

(DEG. ) 

(IN. )**4 

(IN. ) * *6 

5 

7 . 325 

1.1352 

0.1881 

14.229 

1.1352 

0.1881 

0.27622 

0.C013371 

0 . 087780 

14.265 

0.0016379 

0 . C297 528 

6 

6.750 

1.1353 

0.1952 

15.211 

1.1353 

0.1952 

0.26515 

0 .001 3258 

0 . C 8 35 0 7 

15.267 

0.0014606 

0 .02824 38 

7 

6.175 

1.1354 

0.2C42 

16 . 253 

1 . 1354 

0.2042 

0.25415 

0.0013281 

0.079247 

16 . 356 

0. 0012973 

0.0267262 

8 

5.625 

1.1354 

0.2213 

16.960 

1.1354 

0.2213 

0 .244 14 

0 .0014169 

0 . 075432 

17.170 

0.0011559 

0 . 02536 39 


SECTION 

NO. 5 COORDINATES 

SECTION 

NO. 6 COORDINATES 

SECTION 

NO. 7 COORDINATES 

SECTION 

NO. 8 COORDINATES 

L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

0.0000 

0 . 0209 

0.0209 

0.0000 

0.0188 

0.0188 

0.0000 

0.0167 

0.0167 

0 .0 0 0 0 

0 . C146 

0.0146 

0.0110 

99.9999 

0 .0394 

0.0096 

99. 9999 

0 . 0 352 

0 . 0082 

99.9999 

0 . 0310 

0 . 0C68 

99 . 9999 

0 . 0270 

0.0270 

0.0009 

99 . 99 9 9 

G . 0246 

0.0009 

99.9999 

0 . 0222 

0.0009 

99.9999 

0 .0200 

0.0010 

99.9999 

0.1000 

0.0219 

0 . 0847 

0.1000 

0.0242 

0 . 0828 

0.1003 

0 .0267 

0.0813 

0.1000 

0.0 30 7 

0.0817 

0 . 20CC 

0 .0483 

0.1302 

0.2000 

0 . C523 

0 .1299 

0.2300 

0.0569 

0.1302 

0.2000 

0 .0644 

0.1340 

0.3000 

0.C719 

0 .1704 

0.3000 

0 . 07 7 5 

0.1715 

0.3000 

0.0839 

0.1734 

0.3000 

0 .0 946 

0 . 1832 

0 . 4 C 0 0 

0.0927 

0.2056 

0 .4 0 0 0 

0.0997 

0.2078 

0.4000 

0.1077 

0.2111 

0.4030 

0.1213 

0 . 2205 

0.5000 

0.1108 

0.2359 

0 . 5C00 

0.1190 

0.2391 

0.5000 

0 .1284 

0.2437 

0.5000 

0 . 1444 

0 .2553 

0.60C0 

0.1261 

0.2615 

0.6C00 

0.1354 

0.2656 

0.6000 

0.1460 

0.2712 

0.6000 

0 . 1642 

0.2848 

0.7000 

0.1388 

0 .2826 

0.7000 

0.1489 

0.2875 

0.7000 

0 . 1606 

0.2939 

0.7000 

0 . 1806 

0 . 30 9 1 

0.8000 

0 .1489 

0.2993 

0.8000 

0.1597 

0 .3047 

0.8000 

0.1722 

0.3119 

0.8000 

0.1937 

0 . 3285 

0 . 9 0 C 0 

0 .1564 

0 .3116 

0.9000 

0 . 1677 

0.3174 

0.9000 

0 . 1809 

0 . 3252 

0.9000 

0 .2036 

0 . 3428 

1.0000 

0.1613 

0.3196 

1.0000 

0.1729 

0.3257 

1 . 00 0 0 

0 .1866 

0 . 3339 

1.0000 

0.2103 

0 . 252 3 

1.1000 

0.1636 

0.3233 

1.1000 

0.1754 

0 . 3296 

1.1000 

0 .1893 

0 . 3380 

1.1000 

0.2136 

0.2571 

1.2000 

0.1633 

0 . 3228 

1 . 2C00 

0 .1751 

0 . 3291 

1 .23 0 0 

0 . 1892 

0 . 3377 

1.2003 

0.2137 

0.3570 

1 .30 0 0 

0.1604 

0 .3180 

1 . 30 0 0 

0.1721 

0 . 3242 

1.3000 

0.1860 

0 . 3328 

1.3000 

0.2105 

0.3521 

1 .4000 

0.1549 

0.3089 

1.4000 

0.1662 

0 .3150 

1.4000 

0.1799 

0.3233 

1 .4 0 0 0 

0.2039 

0.3423 

1 .50 00 

0 . 1467 

0.2956 

1 . 5C00 

0 .1576 

0.3012 

1 .50 0 0 

0.1708 

0.3092 

1 . 5000 

0.1943 

0.3275 

1.6000 

0.1360 

0 .2778 

1.6000 

0 .1462 

0.2829 

1.6000 

0.1586 

0.2903 

1.6000 

0 . 1805 

0 .30 7 7 

1.7000 

0 . 1226 

0 .2555 

1.7000 

0.1319 

0.2599 

1.7000 

0.1433 

0.2665 

1.7000 

0.1635 

0 .2824 

1.8000 

0.1064 

0 .2285 

1.8300 

0.1147 

0.2321 

1.8000 

0.1249 

0.2376 

1.8000 

0.1429 

0.2516 

1.9000 

0 . 0876 

0.1967 

1.9000 

0.0945 

0.1992 

1.9000 

0.1032 

0.2034 

1.9000 

0.1184 

0.2149 

2.0000 

0 .0659 

0 .1599 

2.0030 

0.0714 

0.1610 

2.0000 

0 .0 782 

0.1635 

2.C000 

0.0900 

0.1718 

2.1000 

0.0414 

0.1177 

2.1000 

0 . 0451 

0.1172 

2.1000 

0.0498 

0.1177 

2.1000 

0 .0575 

0.1219 

2.2000 

0.0140 

0.0699 

2 . 20 0 0 

0.0157 

0 .0674 

2.2000 

0.0178 

0.0653 

2.2000 

0 . 0206 

0.0643 

2 . 2444 

0.0009 

99 .9999 

2.2467 

0.0039 

99.9999 

2.2485 

0 . 0 0 0 9 

99.9999 

2.2487 

0.0010 

99 . 9999 

2.2601 

99 . 9999 

0.0382 

2.2613 

99 . 9999 

0.0337 

2.2620 

99.9999 

0.0293 

2.2614 

99 . 9999 

0 .0248 

2.2707 

0 . 0204 

0 .0204 

2.2704 

0.0181 

0.0181 

2.2696 

0.0158 

0.0158 

2.2675 

0.0136 

0.0136 
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Table 10.5 Continued 


** BLADE SECTION PROPERTIES OF STATOR NO. 1 FOLLOWING P.OTOR NO. 1 ** 


NUMBER OF BLADES = 34.0 AXIAL LOCATION OF STACKING LINE IN COMPRESSOR = 5.200 IN. 


BLADE SECTION 

STACKING POINT 

SECTION BLADE SECTION 

SECTION 

MOMENTS 

OF INERTIA 

IMAX 

SECTION 

SECTION 


PAD. 


COORDINATES 

SETTING C.G. 

COORDINATES 

AREA 

THROUGH C.G. 

SETTING 

TORSION 

TWIST 

NO 

LOC. 


L H 

ANGLE 

L 

H 


IMIN 

IMAX 

ANGLE 

CONSTANT 

STIFFNESS 


(IN. ) 

(IN.) (IN.) 

(DEG. ) 

(IN. 

) (IN.) 

(IN. )**2 

(IN. ) **4 

(IN. ) **4 

(DEG. ) 

(IN. ) * * 4 

(IN. ) * * 6 

1 

9.625 

1 . 

1352 0.2326 

10.202 

1.1352 0.2326 

0.32714 

0 . 0024396 

0 . 1 0 9 C 4 4 

10.215 

0 .0025458 

0 . 0374829 

2 

9.050 

1 . 

1353 0.1894 

10.969 

1.1353 0.1894 

0.31091 

0 .00 16324 

0 .101485 

10.969 

0 .002267 3 

0.0346121 

3 

8.475 

1 . 

1352 0.1845 

12 .177 

1.1352 0.1845 

0.29901 

0 . 00 147 38 

0.096707 

12.185 

0 .0020401 

0 .032907 9 

4 

7 . 900 

1 . 

1352 0.1841 

13.138 

1.1352 0.1841 

0.28745 

0.0013794 

0 .092145 

13.159 

0.0018305 

0 .0312922 

SECTION NO 

'. 1 COORDINATES 

SECTION NO. 2 COORDINATES 

SECTION NO. 3 COORDINATES 

SECTION 

NO. 4 COORDINATES 


L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 

L 

HP 

HS 


(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

(IN. ) 

( XN . ) 

(IN. ) 


0 .0000 

0 .0298 

0 . 0298 

0.0000 

0 . 0274 

0 . 0274 

0 . 0000 

0 . 0253 

0 . 0253 

0.0000 

0 . 0231 

0 . 0231 


0.0133 99.9999 

0 .0546 

0 .0144 

99 . 9999 

0 .0516 

0.0135 

99 . 9999 

0.0476 

0.0123 

99 . 9999 

0.0435 


0.0408 

0.0021 

99.9999 

0.0351 

0.0011 

99. 9999 

0 .0322 

0.C010 99.9999 

0 . 0295 

0 .0 00 9 

99 . 9999 


0 .1000 

0.0252 

0 . 1C97 

0.1000 

0.0194 

0 .0954 

0 .1000 

0.0195 

0.0908 

0.1000 

0.0203 

0 . 0872 


0.2000 

0.0609 

0 . 1657 

0.2000 

0 . 0452 

0.1412 

0.2000 

0 . 0445 

0.1355 

0 . 2000 

0 . 0455 

0.1318 


0.3000 

0.0925 

0.2145 

0.3000 

0 . 0683 

0.1816 

0.3000 

0.0668 

0.1750 

0.3000 

0 . 0680 

0.1713 


0 .4000 

0 .1202 

0.2567 

0 .4000 

0 . 0886 

0.2168 

0.4000 

0 . 0865 

0.2094 

0 .4000 

0.0879 

0.2057 


0 . 5000 

0.1441 

0.2927 

0.5000 

0.1063 

0.2471 

0.5000 

0.1037 

0.2391 

0.5000 

0.1052 

0.2354 


0 .6000 

0.1643 

0 . 3231 

0.6000 

0.1213 

0.2727 

0.6000 

0.1182 

0.2642 

0.6000 

0.1199 

0.2605 


0.7000 

0.1812 

0.3479 

0.7000 

0.1337 

0.2937 

0.7000 

0.1303 

0 . 2848 

0 .7000 

0.1321 

0.2812 


0.8000 

0.1938 

0.3670 

0.8000 

0 . 1436 

0.3103 

0.8000 

0.1398 

0.3010 

0.8000 

0.1417 

0.2975 


0 . <?000 

0.2042 

0.3818 

0 . 9000 

0.1508 

0.3224 

0 . 9000 

0.1469 

0.3130 

0 . 9000 

0.1488 

0 . 3095 


1 .000 0 

0.2104 

0.3909 

1.0000 

0.1555 

0 . 3303 

1 .0 0 00 

0 .1514 

0.3207 

1.0000 

0.1535 

0.3173 


1.1000 

0.2133 

0 . 3952 

1.1000 

0 .1576 

0 .3339 

1.1000 

0.1535 

0.3243 

1.1000 

0.1556 

0.3209 


1.2000 

0.2129 

0 . 3946 

1.2000 

0.1573 

0.3333 

1 .2000 

0.1532 

0.3237 

1.2000 

0.1553 

0.3203 


1 .30 0 0 

0.2090 

0 . 3889 

1.3000 

0.1544 

0 . 3284 

1 . 3000 

0.1504 

0.3190 

1.3000 

0.1525 

0 .3156 


1.4000 

U.2018 

0 . 3783 

1.4000 

0 . 1489 

0.3193 

1.4000 

0 . 1451 

0.3100 

1 .4000 

0.1472 

0 . 3067 


1.5000 

0.1911 

0 . 3625 

1.5000 

0.1409 

0 . 3059 

1.5000 

0.1373 

0.2969 

1.5000 

0.1394 

0.2935 


1.6000 

0.1769 

0.3415 

1.6000 

0.1303 

0.2880 

1.6000 

0.1271 

0.2794 

1 .6 000 

0.1291 

0.2761 


1 . 7000 

0 .1591 

0.3151 

1.7000 

0.1171 

0.2657 

1.7000 

0.1143 

0.2575 

1.7000 

0.1162 

0.2542 


1.8000 

0.1378 

0.2831 

1.8000 

0.1013 

0.2387 

1.8000 

0.0990 

0.2311 

1.8000 

0.1008 

0.2278 


1 . 9000 

0.1127 

0.2451 

1 .9000 

0.0829 

0.2070 

1.9000 

0.0811 

0.2000 

1 . 9000 

0.0828 

0 .1966 
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Figure 10.1 


Rotor and stator blade manufacturing coordinate 
system used by NASA design code 


190 


XI. APPENDIX B: STATOR- AND ROT OR RELATIVE TIME AVERAGES 


Figure 11.1 shows a "snapshot" of the rotor and stator at a particular 
rotor/stator orientation. The coordinate system fixed to the rotor frame 

p 

of reference Is denoted by R, Z, e , and the coordinate system fixed to 

the stator frame of reference (l.e., measurement frame of reference) Is 

S R 

denoted by R, Z, 0 . The R, Z, 0 coordinate system Is related to the 

S 

R, Z, 0 coordinate system through the rotor/stator orientation, denoted 
by Q = 2ir (n-l)/(N N ), where N Is the number of rotor blades, N 

K or K or 

Is the number of rotor shaft positions per rotor blade passage, and n Is 
the particular rotor shaft position. When the rotor trailing edge Is 
circumferentially aligned with the stator leading edge, Q = 0. Point A, 
shown on Figure 11.1, Is fixed to the rotor frame of reference, and points 
B through K are fixed to the stator frame of reference. At each stator 
survey point B to K, the absolute velocity has been measured at = 50 

consecutive rotor/stator orientations equally spaced over a rotor pitch. 
Therefore, at any stator survey point (e.g., B to K), stator- relative 
time-average quantities are readily calculated as 


G 


SP G, 

7 — 
1=1 "sp 


(ii.D 


tzz 2 

where G Is any flow-field parameter (e.g., V or V' ), and the 
superscript — denotes the time average. Within the context of this 

i 

thesis, time Is not real time, but rather corresponds to the relative 
position of the rotor and stator (l.e., t = ft/w) . 

Although the data were acquired In the stator relative (absolute) 
frame of reference. It Is also possible to resolve a "time averaged" 
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Figure 11.1 Blade-to-blade view of the rotor and stator at a 
particular Instant in time, t, showing the 
relationship between the rotor- and 
stator-relative coordinate systems 
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description of the absolute flow field from the perspective of an observer 
moving with the rotor blades. Again referring to Figure 11.1, the rotor- 
relative time average of the absolute velocity at point A, In the rotor 
frame of reference, can be determined from the time- resol ved measurements 
of the absolute velocities acquired at points B to K, In the stator frame 
of reference, as follows. First, the rotor/stator orientations (l.e., 
rotor shaft positions) which correspond to circumferential alignment of 
point A, In the rotor frame of reference, with survey points B to K, In 
the stator frame of reference, are determined, see Figure 11.1(B). Next, 
the above determined rotor/stator orientations are used to determine the 
absolute velocities which an observer, sitting at point A In the rotor 
frame of reference, would see as point A became coincident with points B 
through K In the stator frame of reference. This Is accomplished by using 
the above determined rotor shaft positions to Interpolate from the measured 
distributions of the absolute velocities which were acquired at each point 
B to K as a function of rotor shaft position. Finally, the arithmetic 
average of these absolute velocities are used as an estimate of the 
rotor- relative time-averaged absolute velocity at point A. At every axial 
survey station, the above procedures were repeated at each of 50 equally 
spaced points across the rotor pitch In order to generate a complete 
description of the entire rotor relative time- averaged flow field. Ihe 
equation for determining any rotor relative time average parameter from 
Its phase lock averaged results Is 



e 1=1 


G ( r , z,0^ ,t^ ) 


where t 



)N u N_ u /2*). 


( 11 . 2 ) 
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XII. APPENDIX C: ESTIMATION OF BOUNDS ON TURBULENCE COMPONENTS 


Ihe turbulence Is determined from the standard deviation of the 
velocities, but from the manner In which the data were acquired, It Is not 
possible to calculate the standard deviation of the velocities in the 
axial and tangential directions. However, it Is possible to estimate, 
from the measured data, the minimum and maximum bounds of the standard 
deviations of the velocities In the axial and tangential directions. The 
procedure for estimating these bounds are explained In this Appendix. 

Figure 12.1 shows a sketch of the Z, 0' measurement plane 
indicating the measured velocity components and the corresponding 
estimates of their standard deviations. The two measured fringe angle 
orientations are Identified as and a . The ensemble average 

r\j nj\ 

absolute velocity and flow angle are Identified as and (3^ , 

respectively. The measured ensemble averaged velocities and their 

/vrc 

corresponding estimated standard deviations are Identified as and 

J , respectively, where m Is assigned the value 1 or 2 to Indicate the 
particular velocity component. The shaded region In Figure 12.1 
Identifies the estimated bounds, corresponding to one standard deviation 
(lJ), of the fluctuations of the total absolute velocity and flow angle. 
Ihe bounds of the shaded region are used to estimate the 1 J bounds of the 
standard deviations of the axial and tangential components of the total 
absolute velocity, as follows. 

The equations of the lines which are collinear with the direction of 
the measured velocity components are 


rv/\y\ 

9. : V 

m m, z 


AAA 

: V tan a 
m,0 m 


( 12 . 1 ) 
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t 



Figure 12.1 Fringe-plane view of the velocity components 
showing the relationship between the 
ensemble-average and standard deviations of the 
axial and tangential velocity components and the 
measured velocity components 
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where the subscript m Is assigned the value 1 or 2 to denote the 
particular measured velocity component, and the subscripts z and 0 
denote the axial and tangential directions, respectively. The equations 


where the subscripts m, z, t are defined as In Equation (12.1), the 


Now, assume that the true lj envelope of the fluctuations Is 

defined by an ellipse, which would be the case If the distribution of 
measured velocities were gausslan and the turbulence were nonisotropic. 


would defined by a circle. The above assumption Is not a required 
condition, but does facilitate the proceeding explanation. Further, assume 


that the major axis of the true 1J ellipse of fluctuations 

contains points B and D, which are the vertlcles of the shaded region 
Illustrated In Figure 12.1. This ellipse could be. In the limit, a line to 
the largest ellipse which Inscribes the shaded region. Note that In order 
to have measured the projections of the true lj ellipse of the 

s\S\ 'VTV- p 

fluctuations, the 1,1 ellipse must be tangent to all four sides of 
the shaded region In Figure 12.1, but the 1,1 ellipse does not need to 
completely Inscribe the shaded region. For example, the projection of a 
line segment between points B and D In the and component 

directions would define the extent of the X and J_ fluctuations, 
respectively. Conversely, the projections of a line segment between points 


of the lines which are perpendicular to lines a , and which intersect 

m 

/vrv r <\A n 

lines a at (V - J ) andi ! (V *■ S ) are 
m ' m m m m' 



( 12 . 2 ) 


subscript _L denotes the perpendicular to line a . 


' V /v/' 

For Isotropic turbulence the true 1,1 envelope of the , B ^ fluctuations 
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A and C In the and component directions would also define the 
extent of the and J 2 fluctuations. Therefore, the major axis of the 

true 1J ellipse of the fluctuations could be In any orientation 

between line segment A-C to line segment B-D, as long as the bounds of the 
lj ellipse are tangent to all four sides of the perimeter of the shaded 
region. 

The ellipse with the smallest possible area (l.e., minimum overall 
fluctuations) would have It's major axis colllnear with line segment A-C, 

and an ellipse with the largest possible area (l.e., maximum overall 

fluctuations) would have It's major axis colllnear with line segment B-D. 

Therefore, the minimum and maximum bounds of the 1,/ fluctuations of axial 
and tangential velocity components are defined by the vertlcles of the 
shaded region. The vertlcles of the shaded region In Figure 12.1 are 
determined from the Intersections of lines j_i* and jjl 2 as follows. 

1 1* mi 4 - (v 1 v *) - |~ (v i 1 J i )sin a 2 ~ (V 2 1 J 2 )s1n tt 1 

J -V UJl 2 ‘ vz’ V 6/ " Sln(a 0 - a,) 


(V^ + J^sln a 2 - (^2 ± J 2 )s1n a 1 

Sln(a 2 - a-j ) ’ 

(v 2 * «J2^ C0S a l " (^1 ± >-^i) cos a 2 

Sln(a 2 - c^) 

The minimum and maximum bounds of the lj fluctuations of the axial 
and tangential velocity components can, therefore, be determined as 


nj - l 2 - = 


± Jj)s1n a 2 - (V 2 ± J 2 )s1n fcj 


s1n(a 2 - tt] ) 


(V 2 ±, J^jCOS a-j - (V-j ± J^JCOS a 2 


Sln(a 2 - a,) 
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( S ) 

'"-'z'max 

min 


= ABSIV 



V z/0B /2 - ABS 


J^sln a 2 ± J' 2 sin a 1 

s1n(a 2 - o^) 


(* *\ I 

<V*x - ABS \ V e - Vob / 2 

min IB/ 



cos <*i ± cos 
s1n(a 2 - a] ) 


from which the variances and the turbulence are determined. 


(12.3) 


(12.4) 
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XIII. APPENDIX D: WAKE ENHANCEMENT PROCEDURE 

Contour plots of the time-resolved turbulent kinetic energy have been 
previously used [42-45,89] to Identify the transport of wakes through a 
downstream blade row. However, as these wakes progress downstream they 
become harder to discern from the surrounding flow field, due to mixing, 
and therefore plots of the turbulent kinetic energy may not be sufficient 
to clearly delineate the wake fluid. In order to better resolve the rotor 
wakes throughout the stator row of the present research compressor, a 
procedure was developed for enhancing the rotor wake signature. 

Figure 13.1 shows a typical plot of the total turbulence at two 
points In the stator flow field; one upstream of the stator row, and one 
near the stator exit. The total turbulence, J , Is defined as 



where J and J are calculated from Equations 12.3 and 12.4, 
z m1n e m1n 

respectively. Upstream of the stator row the total turbulence within the 
rotor wake Is very high relative to the freestream. However, near the 
stator exit the total turbulence within the rotor wake Is only slightly 
higher than the freestream. Furthermore, the free-stream total turbulence 
varies from Inlet to exit and blade to blade. Therefore, In order to 
enhance the rotor wakes throughout the stator passage the total turbulence 
Is normalized such that the freestream value Is zero and the maximum 
value, which usually occurs In the rotor wake. Is one. This normalization 
Is applied at each spatial survey point throughout the stator flow field. 


RMS VELOCITY 


Upstream of stator 


Downstream of stator 




(a) Actual rotor wake. 


I 







Percent rotor pitch 


(b) Normalized rotor wake. 


Figure 13.1 Illustration of wake enhancement procedure 


199 


200 


As a result of the enhancement procedure, the rotor wakes have equal 
weight throughout the stator flow field as shown In Figure 13.1(B). Of 
course, any Information about the dissipation of the rotor wakes Is lost, 
but the width of the rotor wakes and their phase Is preserved. Contour 
plots of the enhanced rotor wakes are constructed from contour levels at 
0.25 of the peak value In the rotor wake (arrived at through trial and 
error), as shown In Figure 13.1(B). Thus, most of the rotor wake Is 
Identified within the shaded regions of Figures 5.10 and 5.11. 
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